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Abstract 
The Pliocene world c. 5.3 Ma to c. 2.58 Ma exhibited a relatively stable climate with a 
warmer global mean surface temperature than present-day by ~2 °C to 3 °C, and 
palaeoclimate analysis from this interval is used to understand climate drivers in 
‘warmer world’.   
Previous oxygen isotope thermometry investigations of Pliocene southern North Sea 
Basin (SNSB) Aequipecten opercularis from the Coralline Crag Formation in Suffolk, 
UK repeatedly reveal evidence of a cold-temperate climate regime. Contrastingly, 
other biological proxies record a warm-temperate/sub-tropical regime.  
This investigation concentrated on oxygen, carbon and microgrowth increment 
widths (MIWS) of fossil shell material from Pliocene SNSB spanning an interval 
of~4.4 Ma to ~2.5 Ma. The study sites included shallow marine Pliocene formations 
from the western and eastern SNSB, the Ramsholt Member of the Coralline Crag 
Formation, Suffolk UK, and the Luchtbal Sands and Oorderen Sands Members of 
the Lillo Formation, Belgium,  and  the Oosterhout Formation in the Netherlands.   
Oxygen isotopic palaeotemperature results showed cooler summer temperatures 
than presently in the SNSB, which were reflective of a cool-temperate regime. There 
was no evidence of warm-temperate or sub-tropical summer palaeotemperatures in 
the Pliocene SNSB as suggested by other planktonic proxies. This investigation 
discussed the possible causal factors for the cooler – than- expected winter and 
summer palaeotemperatures in the ‘warmer’ Pliocene world as recorded by this 
proxy.  
Discrepancies between the cool summer benthic palaeotemperatures from the 
bivalves and the warmer sub-tropical or warm-temperate summer palaeotemperature 
estimations from planktonic biological proxies was rectified by the application of a 
theoretical summer stratification factor (SSF). However, rectifying the discrepancies 
between cooler (cold-temperate) benthic winter palaeotemperatures and the warmer 
winter palaeotemperatures from other proxies was difficult because stratification 
does not occur during the winter. Dormancy behaviours in the warm- temperate –
sub-tropical organisms was proposed as a suitable mechanism to allow their 
coexistence with the cool-tolerant bivalves,  which were able to grow and feed 
underneath the thermocline during the summer months. Therefore, the investigation 
showed how the Pliocene SNSB exhibited a greater seasonality than occurs 
presently in the SNSB.  
 
The driver for the cooler winter temperatures in the Pliocene SNSB was not 
identified. Localised explanations including continental wind effects, interannual 
variations in MOC strength, and increased storm activity in the winter bringing cooler 
water into the SNSB were all suggested as potential drivers. Global features of 
climate including interglacial/glacial cycles and orbital forcing effects were factors 
also proposed for the overall mixed palaeotemperature signal in the Pliocene SNSB. 
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Chapter 1: Introduction 
 1.1: Introduction  
 
With ever more recognition of the Earth’s changing climate the idea that past climate 
provides clues to present climate change is acknowledged as an important and 
current issue in Earth System Science (Haywood & Williams, 2005; Haywood et al., 
2009).   
 
The Pliocene world c. 5.3 Ma to c. 2.58 Ma exhibited a relatively stable climate with a 
warmer global mean surface temperature than present-day by ~2 °C to 3 °C, and 
palaeoclimatic analysis from this interval is used to understand climate drivers in 
‘warmer world’.   
 
The Pliocene is a suitable time-interval of palaeoclimatic study since it exhibits a 
relatively stable climate, when compared to the glacial/interglacial cycles of the 
Pleistocene.  It also exhibits features of a future warmed world as predicted by global 
circulation models (GCMs) including:  
 
 reduced sea and land ice (Raymo et al., 1996; Haywood & Valdes, 2004; 
Salzmann et al., 2011; Haywood et al., 2011). 
 a global sea level that was from 10-30 m higher than present (Cronin et al., 
1993; Dowsett, Chandler & Robinson, 2009; Haywood et al., 2011; Salzmann 
et al., 2011).   
 comparable distributions of continents in the Pliocene, when compared to the 
present-day (Dowsett et al., 2009). 
 
However, it is important to note that cooler climate stages are recognised in the 
Pliocene Epoch from the analysis of δ18O values of North Atlantic Basin benthic 
foraminifera.  These stages are referred to as the marine isotope stage (MIS) Gi20 
occurring c. 4.0 Ma, and the M2 MIS occurring c. 3.2 Ma (Lisiecki & Raymo, 2005; 
Haywood & Williams, 2005).  Additionally,  in the later Pliocene, increased climate 
variability was experienced from cooler periods to warmer events which 
corresponded to the obliquity and precession Milankovich cycles of  41, 000, 19,000, 
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21,000 and 23,000 years (Draut et al., 2005; Becker et al., 2006; Haywood et al., 
2007; 2009; Salzmann et al., 2011).   
 
A time-interval in the Pliocene that has been concentrated on for palaeoclimate 
analysis is the mid-Piacenzian Warm Interval (MPWI- c. 3.29 Ma to c. 2.97 Ma).  It 
was previously known as the mid-Pliocene Warm Period (MPWP) (Dowsett et al., 
1992; Dowsett, Barron & Poore, 1996; Dowsett et al., 1999; Haywood, Sellwood & 
Valdes, 2000; Haywood et al., 2005; 2007).  The reasons for investigating this 
interval are that there were arguably greater volumes of atmospheric carbon dioxide 
(CO2) than the pre-industrial CO2 levels of 280 ppmv, and that the Global Mean 
Surface Temperature (GMST) was 2 °C - 3 °C warmer than the present-day GMST, 
importantly GCM reconstructions of a future warmed world include these 
characteristics.   
 
The Pliocene world exhibits marine and terrestrial fossils from plant and animal 
groups, which are extant; therefore, this allows for comparisons of the fossil material 
to the preferences of modern analogous species,  which then provide suitable 
assessments of Pliocene climate  (Dowsett et al., 2009).  A major proxy database 
used for such comparisons is biological proxy data from the Pliocene Research, 
Interpretation, and Synoptic Mapping, or PRISM group (Dowsett et al. 1999; Dowsett 
et al., 2010; 2011; 2012).  
 
1.2: PRISM datasets  
PRISM has been collating Pliocene biological proxy data (predominantly in the form 
of microfossil assemblage data of fossil plants, pollen, planktonic foraminifera, 
ostracodes) since 1988 (Dowsett, Gosnell & Poore, 1988).  More recently, the 
datasets now include geochemical data from alkenones, and magnesium/calcium 
(Mg/Ca) ratios from the biogenic carbonates of planktonic foraminifera.  The PRISM 
project provides a global dataset of variables (including SST) to examine the climate 
features of a generally warmer world than the present-day.  The datasets are in a 
PRISM defined time-slab c. 3.0-3.3 Ma; this interval was chosen as it spans the 
MPWI, an interglacial of the Pliocene, which is understood to be representative of 
warmer GMSTs than present-day (Dowsett & Poore, 1991; Dowsett et al. 1992; 
Dowsett et al., 2010; 2011; 2012).   
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The PRISM group have collated palaeobiological proxies for multiple marine and 
terrestrial sites from around the globe predominantly in the form of fossil foraminifera 
assemblages.  The identification of the types and the distribution of Pliocene fossils 
in marine biological proxy assemblages that exhibit modern-day counterpart species 
contribute a reference point for analysing Pliocene oceanic conditions (Dowsett et al. 
1992; 2010; 2011). In investigations of SSTs any assemblage dataset analysis (for 
example foraminifera assemblages), involves the ‘matching’ of fossil SST 
preferences to the SSTs preferences of an assemblage of a modern-day counterpart 
species.  The average SST obtained from this comparison is then used to define a 
SST for a specific location in the Pliocene ocean on a single-site and single-point 
basis (Dowsett & Poore, 1991; Dowsett, Barron & Poore, 1996; Dowsett et al., 
1999).  The single SST data points are then mapped on a 2-dimensional grid 
system,  and values for intermediate locations are derived by interpolation, an 
example of this is represented in Fig. 1 and includes SSTs and land cover types.   
 
 
 
 
To produce the average SST datasets from fossil assemblages, the PRISM group 
employ various statistical analysis techniques including factor analysis transfer 
functions (FATF), modern analogue technique (MAT) and warm-peak averaging 
(WPA).  FATF and MAT produces an average maximum SST and average minimum 
SST with an error margin of 1.47 °C for cold seasons and an error margin of 1.36 °C 
for warm seasons (Andersson, 1997).  WPA is applied to all SST in a single site, and 
takes the mean of the relativity warm temperatures at different horizons in the 
PRISM interval.  It is done separately for different taxa (e.g. diatom and foraminifera 
assemblages) and the SST data are used from whichever group provides the 
warmer WPA.  A  WPA is recognised as the warmest temperature recorded by any 
assemblage group, when compared to other assemblages from the same horizon 
(Dowsett & Poore, 1991; Dowsett et al., 2010; Haywood et al., 2010; Dowsett et al., 
2011).  The WPA acts as a ‘fix point’ for the individual SST data points per location.  
These statistical processes are then combined to assist in producing the 2-
dimensional map reconstruction as described in Fig. 1 (Dowsett & Poore, 1991; 
Removed for copyright purposes: Fig. 1: an example of a 2-dimensional PRISM 
reconstruction of the Pliocene SST and land cover types. The grey area is the land 
cover types and the blue area is the sea (adapted Andersson, 1997)  
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Taylor, 2004; Dowsett, Barron & Poore, 1996; Dowsett et al., 2010; Haywood et al., 
2010; Dowsett et al., 2011).   
 
There are limitations associated with using fossil assemblages for SST analysis, 
which include the fact that FATF relies on mathematical communality, and this relies 
on the assumption that there is a high-degree of comparability between a fossil 
assemblage’s preferences for a variable (e.g. SST) and the modern-day 
assemblage’s preferences for the same variable.  This is termed taxonomic 
uniformitarianism (Andersson, 1997).  Additionally, the averaging of the SST data 
means that any variances (from the chosen WPA), which are expressed by different 
assemblages in a region are automatically discounted, since the resulting SST data 
is recorded as a single mean peak value (i.e. the warmest SST for winter and 
summer from a warm-interglacial interval of the Pliocene) for a single locality.  This 
produces little record of SST experienced in a region during cooler intervals 
(Andersson, 1997; Dowsett et al., 2010; 2011).  
 
1.3: Recognising climate processes in the North Atlantic Basin in the Pliocene world  
 
Palaeotemperature assessments from biological proxies of the Pliocene can be used 
for testing the processes that may have driven warmer climates in the past.  
Nonetheless, applying the Pliocene world as a direct analogue to the responses of 
climate in the future is an inaccurate approach, since the Pliocene Epoch exhibited 
characteristics distinct from the modern-day (Crowley, 1991).  These features 
include.   
 marked differences in topography between the Pliocene world and the 
present-day, whereby the elevation of major mountain belts (including the 
Rockies, for example) remain an unknown factor in the Pliocene world 
(Haywood et al., 2010; Salzmann et al., 2011) 
 there are potential differences in ocean gateways linked to the specific dates 
of when the Central America Seaway (CAS) and the Bering Straits actually 
closed and opened respectively.  These features of the ocean system would 
have major impacts on ocean circulation patterns, and ocean heat transport in 
the North Atlantic Basin (NAB) (Crowley, 1991; Haywood et al., 2011; 
Salzmann et al., 2011) and this may have altered the regional climatology of 
the time.  
 the Pliocene interglacial is proposed to be representing a long-term 
equilibrium climate response to greater CO2 levels, whereas future climate 
scenarios are identified as a short-term ‘spike’ of climate warming (Crowley, 
1991; Haywood et al., 2011; Salzmann et al., 2011).   
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The features of the Earth’s systems that are proposed as factors contributing to the 
increased warming in the Pliocene world include: 
 
 increased CO2 in the atmosphere (Dowsett et al., 1992; Haywood et al., 
2005; Williams et al., 2009) 
 declines in polar ice sheet and sea ice coverage reducing ice albedo effects 
(Haywood & Valdes, 2004; Williams et al., 2009) 
  greater amounts of ocean heat being transported from tropical to higher 
latitudinal regions (Dowsett et al., 1992; 1999; Williams et al., 2009) 
  a combination of the above factors contributing to the warming (Haywood & 
Valdes, 2004; Williams et al., 2009) 
  
The calculation of robust SSTs from proxy data sourced from lower to higher 
latitudes allows an assessment of how increased CO2 and increased oceanic heat 
transport (OHT) influenced the warmer climate in the mid-Pliocene (Knowles et al., 
2009).  The influence of increased OHT would result in a lower SST gradient in the 
North Atlantic between the tropics and higher latitudinal regions.  Therefore, warmer 
SST’s would be recognised in the higher latitudes and slightly cooler or similar SSTs 
to present-day would be experienced in the tropics and the lower latitudes.  
However, localised features (second order trends) may be potentially more influential 
than first order or global climatic trends, and may distort the overall global OHT 
signal (Haywood et al., 2005; 2009).  
 
Investigations using GCMs have attempted to identify the causal factor for the 
Pliocene warmth.  In particular, an investigation employing the HadCM3 GCM 
implied global increases of SSTs by 3 ºC, and the pattern of warming identified the 
greatest SST warming (anomaly from present-day NAB SST) in the higher latitudes.  
These results provided evidence that the warmer climate in the MPWI may be 
correlated to amplified sea and land ice melt that decreased the ice-albedo effect 
and resulted in warmer global temperatures, which were particularly observable in 
the higher latitudes (Haywood & Valdes, 2004; Haywood et al., 2009).  Generally, 
various GCM retrodictions and PRISM reconstructions of the Pliocene North Atlantic 
Basin (NAB) indicate warmer SST in the Pliocene NAB, when compared to present-
day NAB SST.  The results from various GCMs and proxy reconstructions of 
Pliocene SST for the NAB are represented in Table 1 
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Removed for copyright reasons: Table 1: Palaeotemperature signatures from GCMs and 
biological proxies recorded in the Pliocene NAB (adapted Williams et al., 2009).   
 
 
The same investigations also implied anomalies between GCM and proxy-based 
reconstructions of SST in the NAB region.  Generally, the GCM SST retrodictions 
indicate a smaller degree of change (in the recorded SST from the present-day NAB 
SST), when compared to the PRISM SST for the same locality (Haywood et al., 
2000).  The anomalies between the GCM retrodictions and proxy datasets may 
relate to the multiple climate processes that are present in the NAB region, which 
influence climate responses.  Additionally, features including changes to the strength 
of the thermohaline conveyor (THC), and the seasonal thermal properties of the 
ocean are currently not fully accounted for in GCM retrodictions or the PRISM 
reconstructions of the Pliocene NAB (Haywood, Sellwood & Valdes, 2000).  There 
has been some attempt to investigate these features through isotope and alkenone 
analysis in the high-northern latitudes by the PRISM group (Robinson, 2009).  
However, since the areas described are from the Nordic Seas and Arctic Ocean 
rather than the North Atlantic, this SST data has been excluded from this coverage 
of palaeotemperature assessments of the NAB.  
 
A recent investigation using multiple GCMs in the context of the Pliocene Model 
Intercomparison Project (PlioMIP), which applied the same boundary conditions 
(PRISM3D dataset) to multiple GCMs has revealed there are differences in the SST 
discrepancies for the NAB region (from the present-day NAB SSTs) between 
PRISM3 reconstructions and multiple GCMs.  One factor proposed to be distorting 
the results was an inaccurate reconstruction of the North Atlantic Current (NAC) in 
the GCM retrodictions of the NAB region.  The NAC plays an important role in the 
transport of ocean heat, and its effects are specifically recognisable in winter season 
in the NAB.  It was proposed that the reconstruction of the NAC in the GCM was too 
simplified; hence, this was reducing the accuracy of the GCM Pliocene SST 
retrodictions in the NAB region (Haywood et al., 2010).   
 
The idea that GCM retrodictions and PRISM reconstructions of Pliocene climate may 
be producing an over-simplified assessment of Pliocene NAB SST was also reflected 
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in an investigation of Pliocene fossil dinoflagellate cyst assemblages and Mg/Ca 
ratios from Pliocene planktonic foraminifera from the NAB region completed by De 
Schepper et al. (2009).  This investigation revealed that variable climate responses 
recorded in the fossil cyst assemblages and Mg/Ca ratios appeared to correspond to 
changes in the strength of the NAC.  The results imply that an interval of warming 
from c.3.34 Ma - c. 3.32 Ma was related to an active and intense NAC, and that an 
interval of cooling (c. 3.4 Ma) was related to a decline in NAC strength.  De 
Schepper et al, (2009) associated the changes in NAC strength with a brief 
breaching of the Isthmus of Panama, which disrupted ocean circulation patterns, and 
therefore, varied the amount of heat being transported into the NAB.  
 
Further evidence of a discrepancy between proxy assessments of Pliocene SST 
exists for the northeastern region of the NAB, in the southern North Sea Basin 
(SNSB), which is the region of study for this current investigation.  Previous 
investigations into oxygen-isotope sclerochronology of bivalves from members of 
SNSB Pliocene marine formations, which included the Coralline Crag Formation 
Suffolk UK, and the Lillo Formation situated in Belgium implied that benthic winter 
and summer temperatures were comparable to, or cooler than the present-day 
SNSB SST (Johnson et al., 2009; Valentine et al., 2011). These results disagreed 
with other proxy palaeotemperature reconstructions for the same region, based on 
bryozoan zooid size, which indicated overall warmer palaeotemperatures in the 
SNSB when compared to modern-day.  The results also contrasted with the 
palaeotemperatures for the SNSB reconstructed from bryozoan and foraminifera 
assemblages that provided evidence for warm-temperate to sub-tropical regimes for 
the Pliocene SNSB (Knowles et al., 2009; Okamura & Bishop, 1988).  Evidence of 
this mixed palaeotemperature signal from multiple proxies in the Pliocene SNSB are 
shown in Table.  2:  
 
Removed for copyright reasons Table .2: Pliocene North Sea SST as reviewed by 
Williams et al. (2009) and Johnson et al. (2009).    
 
Suggestions for why the mixed signal between the bivalves and the other proxies’ 
palaeotemperature assessment occurs include: 
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 The shells were reworked from older time-periods that experienced distinct 
cooler/warmer temperatures (Williams et al., 2009).   
 Meteoric waters permitted diagenesis of the fossilised shell material, which 
distorted the climate signal provided by stable isotopes obtained from the 
bivalves (Johnson et al., 2000; Williams et al., 2009).   
 
So, how can the discrepancies in the SSTs between the proxies in the Pliocene NAB 
and SNSB region be nullified?  
 
Recent investigations have revealed how the misrepresentation of the ocean system, 
specifically the seasonal thermal properties of an ocean.  This occurs because SST 
responses are predominantly being recorded using a single-signal – single-site 
approach.  This methodology reduces the entire maximum and minimum 
palaeotemperatures from a specified site to a single mean SST, and any SSTs which 
are below this site mean SST are discounted from the dataset as SST 
inconsistencies  (Anderson, Robinson & Lozano, 2000; Dowsett et al., 2011).  But, 
are the disregarded palaeotemperatures actually inconsistencies?  Alternatively, are 
these inconsistencies simply providing a more complete picture of ocean 
palaeotemperature extremes occurring during the PRISM time-span?  (Anderson, 
Robinson & Lozano, 2000; Dowsett et al., 2011)  These are the questions now 
driving a new paradigm in climate science, and this shift in thinking is promoting a 
multi-spectral approach for refining the proxy data (Dowsett et al., 2011; 2012).   
 
Therefore, where previously the emphasis in proxy data collection for ocean systems 
was to reduce the data to a single signal for a specific site, the emphasis is now on 
obtaining a more multi-dimensional picture of the ocean system, which is partly 
achieved by obtaining robust seasonal SST data.  Seasonal SST data allows for an 
integrated reconstruction of ocean temperatures (at various depths), and the 
seasonal thermal properties of an ocean, rather than simply producing a generalised 
picture of ocean properties (Dowsett et al., 2011; 2012).  Examples of proxies and 
techniques proposed to be suitable for providing such robust seasonal SSTs are the 
bryozoan MART technique, analysis of fossil dinoflagellate cysts and mollusc 
assemblages, Mg/Ca ratios of biogenic carbonates, and oxygen-isotope 
thermometry of molluscs.  Whilst these data may only provide a short-term snapshot 
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of SST, if the data records a robust regional seasonal SST signal this will improve 
understanding of how varied ocean temperatures actually were during the Pliocene.  
 
Furthermore, a well-defined seasonal SST signal may allow climate scientists to 
investigate, and importantly identify different North Atlantic warming causes, 
including enhanced OHT, greater CO2, or reduced ice albedo, and therefore, allow 
for a greater understanding of the processes that drove Pliocene climate (Knowles et 
al., 2009; Williams et al., 2009; Haywood et al., 2010; Salzmann et al., 2011; 
Dowsett et al., 2011; 2012).  A review of the proxies identified by (Dowsett et al., 
2011; 2012) as candidates for providing a robust seasonal SST and a 
complementary dataset for the PRISM fossil assemblage data follows.  
 
1.4:  Dinoflagellate cyst assemblage datasets 
 
Modern species of dinoflagellates produce cysts as part of their life cycle (Dale, 
1976; 1983; Harland, 1988; Pospelova & Kim, 2010) and it is the fossil dinoflagellate 
cyst assemblages, which are used for analysis of palaeotemperatures.  Since, there 
are definable cyst indicators representing warmer interglacial and cooler glacial 
intervals, these can be used to imply intervals of relatively warm and cool 
temperatures (Harland, 1988).  
 
The reconstructions of palaeotemperatures from fossil cyst assemblages (like all 
assemblage datasets) are limited due to the presence of extinct organisms, which 
have no modern-day comparable species for analysis.  It is important to note that of 
all modern-day dinoflagellates only 20 % form cysts ( Dale, 1976; Harland, 1988); 
consequently, any palaeotemperature signatures utilising this assemblage data will 
produce a bias towards temperatures indicated by living dinoflagellates that 
presently produce cysts (Harland, 1988).  Furthermore, spring blooms result in a 
greater proportion of organisms in a single-sample, and provide a greater record of a 
spring/summer temperature regimes rather than that of other seasons (Dale, 1976; 
1983; Harland, 1988; Pospelova & Kim, 2010). 
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1.4.1: Palaeotemperatures recorded by fossil cysts for the NAB or SNSB region.  
 
Palaeotemperature assessments from fossil cyst assemblages from the Pliocene 
Coralline Crag Formation in the UK have implied warm-temperate conditions in the 
western SNSB; however, the warmer temperatures may have been interspersed with 
cooler temperatures (Head, 1997; Balson, 1999).  In the eastern SNSB, fossil cyst 
assemblages from members of the Lillo Formation in Belgium provide evidence 
(from older to younger members), for cooler conditions in the Luchtbal Sands 
Member, warm-temperate with some cooler indicator species in the Oorderen Sands 
Member, and mild-temperate to sub-tropical in the early Merksem Sands Member, 
and cooler indicator species in the later sections of the Merksem Sands Member (De 
Schepper et al., 2009). 
 
1.5:  Bryozoan Mean Annual Temperature Range (MART) and palaeoclimatic 
conditions  
 
Bryozoans are colonial, suspension feeding organisms (invertebrates).  Their marine 
geographical range is wide from both poles to equatorial regions, and their habitats 
can be from inter-tidal to thousands of meters depth.  The individuals contained in a 
colony are termed zooids, and the type of bryozoan influences the zooid size in a 
colony (Okamura et al., 2010).  Major laboratory and field studies investigated how 
temperature influences zooid size in cheilostome bryozoans.  The investigations 
implied an inverse relationship between zooid size and temperature; therefore, 
cooler temperatures produce larger zooids (O’Dea & Okamura 2000; Knowles et al., 
2009; Okamura et al., 2011). 
 
From this inverse relationship, a model was devised that permitted an estimation of 
palaeoseasonality in the Pliocene, from a derived negative correlation applied to 
intra-colonial zooid sizes and temperature termed the Mean Annual Temperature 
Range or MART technique (O’Dea & Okamura, 2000; Knowles et al., 2009).  
Assumptions of this technique are that the colonies exhibit all year growth, and that 
the overriding factor influencing the zooid size is temperature rather than the zooid 
size being the result of variations to food supply, oxygen levels, or physiological 
features of the organisms (O’Dea & Okamura, 2000; Knowles et al., 2009).   
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1.5.1: Palaeotemperature assessments from bryozaons for the SNSB 
The MART results implied that palaeotemperatures during deposition of the Coralline 
Crag Formation were representative of a warm-temperate to sub-tropical regime.  
Furthermore, the results indicated a greater seasonality in the Pliocene SNSB than 
occurs presently in the SNSB (Okamura & Bishop, 1988; Dowsett et al., 2009; 
Knowles et al., 2009; Williams et al., 2009; Okamura et al., 2011).  
 
1. 6: Mg/Ca ratio analysis  
The Mg/Ca ratio of biogenic material from planktonic foraminifera is a proxy applied 
by the PRISM group for obtaining SST.  Previous investigations into Mg/Ca ratios 
have implied that temperature influences this ratio in biogenic material.  External 
variables including the photosynthesis processes of symbiotic algae may influence 
the signal; ocean stratification may also alter the signal, and diagenesis influences 
the Mg/Ca ratio recorded in the biogenic material.  Furthermore, biological features 
of the planktonic foraminifera may also influence the Mg/Ca ratio including age 
related changes in the ratio termed ontogenetic effects (Sadekov et al., 2005; 
Williams et al., 2005).  
 
The Mg/Ca ratios from planktonic foraminifera used in PRISM analysis have 
recorded overall warmer palaeotemperatures in the NAB than presently occur in this 
region. 
 
1.7: Oxygen isotope thermometry of molluscs 
 
Isotopic thermometry is proposed as a suitable technique, since previous 
investigations have shown that modern North Sea bivalves (of the species 
Aequipecten opercularis) record comparable seasonal temperatures to instrumental 
data for the region (Hickson et al., 2000).  A. opercularis is widely available in many 
Pliocene formations of the SNSB; and is therefore a suitable study species for 
seasonal palaeotemperature analysis for the Pliocene.   
 
Earlier investigations of seasonal palaeotemperatures obtained from isotope 
thermometry of A. opercularis (from Pliocene marine formations of the SNSB) 
implied palaeotemperatures that were much cooler than PRISM reconstructions, and 
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other proxy-based reconstructions for the Pliocene SNSB (Johnson et al., 2009; 
Valentine et al., 2011- these results are further discussed in Chapter 5).  Therefore, 
to discount any potential errors in palaeotemperature calculations (utilising this 
technique) a modern validation study (see Chapter 12)  is required to refute the idea 
of a vital effect in the investigated species, which if it were present may prevent a 
correct assessment of maximum palaeotemperatures experienced by the organism 
as it grew. 
 
1.8: An overview of this project. 
In order to fully understand the palaeoclimate of the Pliocene the requirement of 
well-resolved, independent data of seasonal SST on a regional scale is highly 
apparent because a robust record of seasonality may assist in identifying drivers of 
the climate change in the Pliocene world.  
 
 
The aims of this project are: 
 
(i) to identify seasonal temperature variations utilising serially sampled δ18O 
data for the western and eastern SNSB. 
(ii) to understand the significance of recorded δ13C data in the shells.  
(iii) to investigate the microgrowth increment pattern of the bivalves in the 
context of seasonality as provided by palaeotemperatures from δ18O, and 
to determine if these data provide a context of water depth (Valentine et 
al., 2011).   
(iv) to provide an explanation for the mixed palaeotemperature signal in the 
SNSB provided by the different biological proxies.  
 
In this project, fossil shell material is sourced from Pliocene marine deposits in the 
continental Europe (Belgium and the Netherlands) and Suffolk, UK.  Oxygen isotope 
thermometry is employed (with some assumptions regarding Pliocene SNSB δ18OW 
composition) using fossil bivalves spanning an interval of c. 4.4 Ma - c. 2.58 Ma.  
The seasonal palaeotemperatures obtained from this proxy are used to assess the 
stability of the warm temperature regime as indicated by previous studies for the 
northeastern North Atlantic Basin.    
 
1.8.1:  The thesis structure 
Part one of the thesis included all of the background information regarding the 
project (Chapters 1-11).  However, in order to determine if the main investigated 
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bivalve species, Aequipecten opercularis exhibits a vital effect during growth, a 
modern validation study (Chapter 12) will be employed and is described below. In 
this case, a vital effect relates to the potential of a bivalves physiological process 
influencing the isotopic composition of shell material, which would result in a 
distortion of the shells isotopic signature.  
 
1.8.2: Part 2: The modern validation study  
In summary, the modern validation study will employ a shallow- sourced and a live-
collected Aequipecten opercularis from the Mediterranean Sea, a region that 
currently exhibits summer SST of approximately 21-24 °C.  Oxygen isotope 
thermometry will be applied to determine if the A. opercularis exhibited temperatures 
in this range.  Furthermore, the modern validation study aims to determine if there 
are any differences in the oxygen isotopes, carbon isotopes, and microgrowth 
increment widths (MIW) recorded in the left and right valves of an articulated 
specimen, in order to investigate if there is any potential valve dependent effects 
recorded in this species.   
 
The modern validation study will also assist in the development of laboratory 
protocol, which will aim to minimise the inclusion of contaminants in the sample 
extraction process that may potentially distort the isotope signals in the bivalves, and 
this will be used as a protocol prior to any sample extraction from the fossil bivalves 
to discount and counteract arguments relating to how diagenesis had altered the 
isotopic signature and influenced the Palaeotemperature results (Williams et al., 
2009).  
 
A subsidiary objective of the modern validation study is the investigation of carbon 
isotopes and MIWs to provide a ‘template’ for comparison of the carbon isotopes and 
MIW profiles of Pliocene bivalves that are proposed to have lived in different water 
depths.   
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1.8.3: Part 3: Examination of palaeotemperatures of Pliocene bivalves of the SNSB 
 
The project aims to develop a laboratory protocol to apply to fossil A. opercularis and 
Arctica islandica, Atrina fragilis and Pygocardia rustica (where available) from 
Pliocene marine formations of the western and eastern SNSB including the 
Ramsholt Member of the Coralline Crag Formation in the UK, and the Luchtbal 
Sands and Oorderen Sands Members of the Lillo Formation in Belgium, and the 
Oosterhout Formation in the Netherlands.  This protocol aims to exclude unwanted 
organic material and to detect any effects of diagenesis in the biogenic carbonate 
material, so that only pristine shell carbonate will be sampled. 
 
The results (Chapters 14-29) will provide seasonal palaeotemperatures (with some 
assumptions of the Pliocene SNSB δ18Ow) and the datasets will be used to establish 
if there is any further evidence of a dominant cool-temperate SST regime in the 
Pliocene SNSB marine formations as proposed by Johnson et al., 2009; Valentine et 
al., 2011).  The carbon isotopes and MIW profiles will assist in the development of a 
model for detecting seasonal stratification in the Pliocene SNSB.   
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Chapter 2: Methodology: Introduction to the sclerochronological technique    
 
2.1: Stable isotope analysis: an introduction.   
Isotopes form when individual species of a single element that consist of the same 
atomic mass (e.g. the same number of protons and electrons in the nucleus), exhibit 
differences in atomic weight.  Differences in atomic weight are produced by 
variations to the number of neutrons in an element’s nucleus.  Stable isotopes of 
elements occur naturally, and they exhibit no radiogenic characteristics (Allaby & 
Allaby, 2003).  The stable isotopes that are examined in this investigation are oxygen 
and carbon.  
 
Oxygen exhibits three naturally occurring stable isotopes.  The most abundant 
isotope present in the atmospheric system is 16O (99.759 %), the next common is 
17O (0.374 %), and 18O is the rarest (0.2039 %).  Carbon exhibits two stable 
isotopes; the common is 12C (98.89 %) and the rare isotope is 13C (1.11 %).  
 
18O and 13C exhibit the greatest atomic weights, since these isotopes contain more 
neutrons in their nucleus when compared to 16O or 17O or 12C respectively.  
Consequently, in the marine environment a water molecule that contains an 18O 
(e.g.H2
18O) will always exhibit a greater density at any temperature, when compared 
to a water molecule that contains 16O (e.g. H2
16O).   
  
Atoms that consist of heavier isotopes (e.g. 18O/13C) are less mobile in reactions 
than atoms consisting of lighter isotopes (e.g. 16O/12C) because of differences in the 
atom’s atomic weight.  Therefore, molecules that consist of predominantly higher 
isotopes require greater amounts of energy (in a reaction) for them to be split into 
their constituent parts.  Therefore, a change occurs in the relative proportions of 
isotopes between one material (e.g. surrounding water) and another derived from it 
(e.g. shell) in a process termed fractionation (Hoefs, 1980; Anderson and Arthur, 
1983; Faure, 1986; Kendall & Caldwell, 1998).   
 
Temperature supplies the energy to fractionate the oxygen isotopes, and since the 
higher and lower isotopes contained in molecules respond differently in fractionation 
reactions, the redistribution of the oxygen isotopes (in an equilibrium fractionation 
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process), is temperature dependent (Hoefs, 1980; Anderson and Arthur, 1983; 
Faure, 1986; Kendall & Caldwell, 1998).  Equilibrium reactions are inversely 
proportionally to temperature and are expressed in the following equation (equation 
1- Hoeff, 1980): 
 
aA1+bB2=aA2+bB1    (Equation. 1) 
 
When 1 is equal to the rarer higher isotope e.g.18O, and 2 is the common lower isotope 
e.g. 16O and A/B are the two different molecules or two phases e.g. liquid and gas or 
calcite and water     
 
In equilibrium fractionation reactions a fractionation factor occurs, and it is defined as 
the difference between the isotopic ratios (higher to lower isotopes) of two separate 
molecules in chemical equilibrium; or as the difference in the isotopic ratios of a 
single molecule in two distinct phases (e.g. a liquid or gas state).  The fractionation 
factor is recorded by comparing the degree of partition in the ratio of rarer isotopes to 
the common isotope of the same element.  This fractionation factor is dependent on 
the temperature the reaction occurs in, and is represented as (α), and is expressed 
in equation 2 (Hoefs, 1980; Anderson and Arthur, 1983; Faure, 1986; Kendall & 
Caldwell, 1998):  
 
BR
RA
          (Equation. 2) 
 
When α is the fractionation factor, RA the ratio of rare isotope to common isotope in first 
substance A and RB the ratio of rare isotope to common isotope in second substance or 
phase B  
 
This investigation concentrated on the differences in the fractionation of the oxygen 
isotopes and carbon isotopes ratios found in the biogenic calcium carbonate 
(CaCO3) of marine organisms. 
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2.2 Exploring the isotopic exchange reaction during formation of biogenic calcium 
carbonate. 
 
 An equilibrium fractionation reaction occurs during the precipitation of biogenic 
CaCO3 from seawater.  Therefore, (in theory), the redistribution of the isotopes in 
this reaction is temperature dependent.  This reaction is expressed in equation 3. 
          
`     (Equation. 3)  
Ca2+ + 2HCO3-
 ⇌CaCO3 +H2O+CO2  
 
With Ca2+ and HCO3- in aqueous solution, Ca
2+ is calcium and 2HCO3- the bicarbonate ions,  
and the resulting products formed are CaCO3 (calcium carbonate), H2O (water), and CO2 
(carbon dioxide).  
 
During the secretion of marine biogenic CaCO3, any higher oxygen isotopes (
18O), 
found either in the water (H2
18O), or in the bicarbonate (2HC18O3-) naturally exhibit a 
reduced mobility than the lower isotopes of the same element.  Therefore, a greater 
deal of energy (temperature) is required to redistribute the higher isotopes in the 
fractionation process.  In a 1947 study, Urey exploited this naturally occurring 
phenomenon by analysing how oxygen isotope fractionation altered (i.e. the 
differences in the ratio of 18O and 16O isotopes) in biogenic carbonate of Jurassic 
belemnites as a response to temperature.  Urey (1947) measured the oxygen 
isotope compositions of CaCO3 guards of belemnites from the UK, Denmark, and 
southeastern USA, and employed the results to calculate palaeotemperatures.  The 
calculations were completed under the assumption that the belemnites secreted their 
biogenic material in isotopic equilibrium to the surrounding seawater.  Different 
ranges of oxygen isotope values were recorded in the CaCO3 of the belemnites 
guards from the different localities, which resulted in the calculation of distinct 
maximum palaeotemperatures and seasonal ranges.  The results implied that 
oxygen isotopes in the biogenic material provided a record of the 
palaeotemperatures experienced by the belemnites as they grew in the various 
regions.  Importantly, the calculated palaeotemperatures were comparable to the 
expected Jurassic palaeotemperatures for the different regions of study.   
From this pioneering work, Epstein et al. (1951) and Epstein & Mayeda, (1953) 
developed the carbonate- water isotopic scale.  The scale identified the specifics of 
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how oxygen isotopes fractionated in the CaCO3 of mollusc shells, which were grown 
in specified temperatures.  In conclusion, isolating the fractionation factor of oxygen 
isotopes from CaCO3 (that was secreted in isotopic equilibrium to the ambient 
seawater), allows for the prediction of the temperature at which the CaCO3 was 
precipitated, producing a biological thermometer (Urey, 1947; Epstein et al., 
1951;Epstein & Mayeda, 1953; Hoeff, 1980; Farre, 1986). 
 
Measuring changes in the fractionation factors from an unknown CaCO3 sample 
requires a relative isotope ratio value for comparison; since any changes in the 
absolute abundances of individual isotopes are too small to detect in a single 
element.  Therefore, in the example of oxygen isotopes, the measurable difference is 
between a standard oxygen ratio (18O/16O standard), and the oxygen isotope ratio (as 
contained in the sample termed the18O/16O sample).  The difference between the 
18O/16Osample and 
18O/16O standard is expressed as the delta notation (δ), and is 
measured per mil (‰), or as parts per thousand.  The properties of ‘δ’ are expressed 
in equations 4 and 5 (Urey, 1947; Craig, 1957; Hoeff, 1980; Farre, 1986).  
 
The 18O/16O standard (used in the oxygen isotope isotopic analysis of a CaCO3 sample) is 
based on the Vienna Peedee belemnite scale or V-PDB, which exhibits a known 
18O/16O.  Supplies of the V-PDB are long-since exhausted; therefore, individual 
laboratories now employ their own standards.  The NIGL laboratory (where the 
isotopes were analysed for this investigation) used a calcium carbonate standard 
with known oxygen isotope and carbon isotope values, which were based on the 
isotopic composition; of V-PDB.  Additionally, calculating ‘δ’ for the oxygen isotopes 
from CaCO3 also requires knowledge of the 
18O/16O composition of ambient 
seawater.  Oxygen isotopes of the ambient seawater are measured relative to a 
model of the proposed global seawater 18O/16O, which is termed the Vienna 
Standard Mean Ocean Water or V-SMOW scale.   
(Equation. 4) 
10001 x
R
R
std
sample






  
 
Where R is the ratio of the higher to the lower isotope (sample and standard –std) and the δ: 
delta function expresses the deviation of the isotope ratio of the sample from a standard, 
expressed as parts per mil or 1000 (‰). 
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         (Equation. 5) 
  
δ 18O= [(18O:16O) sample - (18O:16O) standard ]   X 1000 
                        (18O: 16O) standard    
 
     
 
For example, when comparing the δ18O of a sample to the δ
18O of a known standard,  
if the results demonstrated that a δ18Osample is +9 ‰; when compared to the 
δ18Ostandard,   this means the δ
18Osample  is nine parts (in a 1000) more enriched in 
18O 
than the δ18Ostandard (Hoeff, 1980; Farre, 1986).   
 
In regards to palaeotemperature calculations, when CaCO3 precipitation occurs in 
warm temperatures, the δ18Osample  expresses a lower δ
18O, which results from 
reduced amounts of 18O in the 18O/16O ratio of the CaCO3 sample.  Alternatively, 
when CaCO3 precipitation occurs in cooler temperatures, the δ
18O sample is higher due 
to greater amounts of 18O in the 18O/16O ratio of the CaCO3 sample.  An idealised 
diagram of seasonal δ18O is shown in fig. 2, with higher δ
18O in the winter, when 
compared with the δ18O recorded in the summer.  
 
 
Fig. 2: An idealised seasonal δ18O signature recorded in marine biogenic material. Note the 
δ18O axis is reversed in accordance with the standard practice in investigations of 
palaeotemperatures from oxygen isotope sclerochronology.  
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2. 3: Calculating palaeotemperatures from oxygen isotopes.    
  
In order to calculate accurate palaeotemperatures from the oxygen isotopes of 
marine biogenic carbonates a knowledge of what mineral the CaCO3 consists of is 
required.  This is because different CaCO3 minerals consist of distinct baseline 
isotopic compositions, which if unaccounted for show the potential to distort the 
calculated palaeotemperatures.  The mineralogy of the bivalves analysed in this 
investigation were calcite and aragonite, and therefore specific equations were used 
to compensate for the baseline isotopic compositions found in each of these 
minerals.   
 
In the case of calcite, O’Neil, Clayton & Mayeda, (1969) adapted an existing 
palaeotemperature equation first discovered by Epstein & Mayeda (1953).  This is 
shown as equation 6. 
 
          
(Equation. 6)  
T (º C) = 16.9-4.2 (δc-δw) +0.13 (δc-δw)
2 
 
When T= temperature, δc= delta calcite, δw= delta water, which is measured relative to the V-
SMOW standard.  In order to convert δw to VPDB/KCM (calcite standard) -0.26 is required to 
be added to the specified δw in the equation. 
 
 
Tarutani, Clayton, & Mayeda, (1969) identified how aragonite minerals naturally 
exhibited a lower δ18Oshell  signature, when compared to the δ
18Oshell  signature from 
calcite minerals.  Further studies of aragonite and calcite δ18Oshell  signature at a 
range of temperatures, including 5 °C, 15 °C, and 23 °C,  confirmed this (Horibe & 
Oba 1972; Grossman & Ku, 1986).  Therefore, Grossman & Ku (1986), devised an 
additional isotopic temperature equation for calculating the isotopic 
palaeotemperatures from aragonite specimens, which is expressed in equation.7.  
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(Equation. 7) 
 
T (ºC) = 20.6-4.38 (δa-δw) 
 
When T= temperature, δa= delta aragonite and δw= delta water 
 
 
2.3.1:assessing the δ18Ow in palaeoenvironments.  
 
 A robust calculation of palaeotemperatures from biogenic carbonate requires a 
suitable estimation of the δ18Ow in the palaeotemperature equations (see equation 6 
and 7), and both global and regional features of the ocean environment exhibit 
potential to affect the δ18Ow.  
 
Continental ice formation, which preferentially locks in ‘light’ water naturally, 
increases the δ18Ow of seawater on a global scale.  The opposite affect occurs when 
there is no continental ice, and the global ocean δ18Ow becomes lower, since 
16O 
becomes released back into the ocean system during the continental ice melt (Craig 
& Gordon, 1965).  If global δ18Ow values remain unaccounted for in the localised 
δ18Ow assessment, a miscalculation of the palaeotemperatures recorded in biogenic 
carbonates will occur.  
  
Localised effects, including changes to the salinity levels of freshwater inputs, 
evaporation, temperatures, sediment influx, and productivity all affect the isotopic 
signal contained in biogenic CaCO3 material (Urey, 1947, Epstein et al., 1951; 
Epstein & Mayeda, 1953).  In an isolated sea, δ18Ow is primarily influenced by 
evaporation and the introduction of freshwater.  During evaporation, 
16O is 
preferentially removed from marine waters.  Therefore, ocean regions that 
experienced high-evaporation rates will naturally exhibit a higher δ18Ow.  Therefore, if 
the higher δ18Ow is not factored into palaeotemperature calculations a miscalculation 
of cooler temperatures can be the result (Fig 3a).   
 
 
 
 
 
 
53 
 
Removed for copyright reasons Fig. 3a: A diagram representing the influence of 
evaporation on δ18Ow (Data from Larsen, 2003, pp. 5-9) 
 
Since evaporation preferentially removes 16O from seawater, there are greater 
concentrations of H2
16O in clouds, rainfall, and continental ice.  If introductions of 
freshwater from storms or from river run-off (Fig. 3b) are not factored into the δ18Ow 
assessment for a region, this can lead to a miscalculation of warmer 
palaeotemperatures (Craig & Gordon, 1965; Larsen, 2003).  
 
Removed for copyright reasons Fig. 3b: A diagram representing the influence of 
freshwater input on δ18Ow (a) within formation of clouds there are greater amounts of  H2
16O 
(b) during rainfall or freshwater influx enters the marine system (c) the marine δ18Ow is lower  
(Data from Larsen, 2003, pp. 5-9). 
 
 
The exact δ18Ow of past oceans is mostly unknown and therefore, it has to 
approximated, which may influence the reliability of absolute palaeotemperatures 
obtained from oxygen isotope thermometry (Gillikin et al., 2005).  Despite this, 
increases in the accuracy of GCM estimates of Pliocene δ18Ow have allowed for a 
reasonable assumption of the δ18Ow for the North Atlantic Basin region in the 
Pliocene (Williams et al., 2009; Johnson et al., 2009).  Furthermore, applying a range 
of δ18Ow, which includes localised modelled estimates of δ
18Ow (taking into account 
evaporation, precipitation, and freshwater factors), and extremes of global δ18Ow 
(taking into account varying continental ice volumes) has greatly improved the 
usefulness of the palaeotemperatures obtained from the oxygen isotopes from 
Pliocene fossil material (Williams et al., 2009; Johnson et al., 2009; Valentine et al., 
2011).  Whilst there is uncertainty in the estimations of absolute, isotopic 
palaeotemperatures (related to incorrect assessments of δ18Ow).  The estimations of 
a seasonal range is unaffected by the choice of  δ18Ow value employed in 
palaeotemperature calculations (Williams et al., 2009; Johnson et al., 2009; Schöne 
& Fiebig 2009; Valentine et al., 2011).   
 
2.4: Carbon isotope: an introduction  
The carbon component of CaCO3 is formed from the food supply ingested by an 
organism (metabolised organic carbon material-Cmeta), and from the dissolved 
inorganic carbon contained in the seawater (CDIC).  CDIC exhibits multiple forms 
including CO2 (carbon dioxide), HCO3
- (bicarbonate) and CO3
2- (carbonate ions) 
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(Mook & Vogel, 1968).  δ13CDIC is derived from a complex relationship between the 
oxidation of organic matter, which releases isotopically light carbon into the 
surrounding seawater and photosynthesis which takes up isotopically light carbon 
seawater.  Photosynthesis releases 13C into the ambient water ‘by proxy’.  The 
isotopically heavy CDIC then forms part of the carbon incorporated into shell CaCO3  
 
2.4.1: Factors that influence the carbon isotopic composition in biogenic calcium 
carbonate  
 
Different organisms of the same species include varying proportions of metabolic 
carbon (Cmeta) and CDIC into their biogenic CaCO3, which further increases the 
complexity of determining what palaeoenvironmental feature the carbon component 
of biogenic CaCO3 is recording (Mook & Vogel, 1968; McKenzie, 1985; Gillikin et al., 
2006; McConnaghey & Gillikin, 2008; Butler et al., 2011).   
 
Furthermore, regional ocean dynamics influence the carbon isotopic composition of 
an ocean, which ultimately influences the δ13C in the biogenic carbonates.  
Environmental factors including precipitation, river run-off, past groundwater effects 
and sediments all introduce isotopically light carbon into the marine environment, 
which is recorded as a lower δ13C in the biogenic CaCO3 material (Hien et al., 2006; 
Tisnerat-Laborde. et al., 2010). 
 
During precipitation of biogenic carbonate, a potential exists that the carbon used 
during secretion of the CaCO3 may be sourced internally from material that has been 
biologically fractionated, creating a vital effect.  The internal sources of carbon relate 
to respiration.  This metabolic carbon (although ultimately sourced from seawater) 
will exhibit a different isotopic composition signal than δ13CDIC, and often δ
13Cmeta is 
lower than the δ13CDIC in ‘normal’ ocean conditions.  Therefore, any inclusion of 
δ13Cmeta into the CaCO3 during its secretion will distort the δ
13Cshell signal, and provide 
a record of the internal metabolic processes of an organism rather than the 
palaeoenvironmental conditions experienced by the organism as it grew (Epstein et 
al., 1951; Rye & Sommer, 1980).  
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2.5: Modern bivalve case studies 
 
This section discusses the recent stable isotope and microgrowth increment width 
(MIW) investigations of modern bivalves.   
 
2.5.1: Aequipecten opercularis stable isotope analysis  
 
In order to confirm the suitability of A. opercularis as a tool for investigating seasonal 
temperatures from oxygen isotope thermometry, Hickson et al. (1999) investigated 
wild and semi-natural A. opercularis from the modern southern North Sea basin 
(SNSB).  The aim of the investigation was to determine if temperatures obtained by 
oxygen isotope thermometry exhibited the expected seasonal range as the modern 
North Sea Basin, and to discover if A. opercularis secreted their shell material in 
isotopic equilibrium with the surrounding seawater.  Serial sampling of isotopes 
throughout shell growth was operated at a resolution of 1 mm, and oxygen isotopic 
temperatures were calculated using a previously measured modern-day SNSB 
δ18Ow, and the equation of O’Neill, Clayton & Mayeda, (1969), equation 6.  The 
results revealed that the wild and the semi-natural A. opercularis specimens 
exhibited δ18Oshell profiles that reflected the seasonal temperatures in the SNSB, 
through lower δ18O values in the summer and higher δ18O values in the autumn and 
winter.  This implied that shell material from A. opercularis was secreted in 
equilibrium with the surrounding seawater.  Hickson et al. (1999) identified winter 
growth breaks in the MIW profiles of the wild-collected A. opercularis specimens, and 
therefore concluded that the winter minimum temperatures were unrecorded in the 
shell material of these specimens.  Summer temperatures recorded by the oxygen 
isotopes from the wild-collected and the semi-natural A. opercularis specimens were 
highly comparable to the logged summer SSTs recorded in the SNSB.  The wild 
collected and semi-natural specimens revealed a potential for the time-averaging of 
isotopic samples in later ontogeny (defined as the development of an organism 
throughout its lifespan), which was connected to a slowing growth rate.  The time-
averaging of the isotopic samples was shown to reduce the accuracy of temperature 
from older shell material, when compared to the temperatures obtained from isotope 
samples extracted during early ontogeny.  
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Heilmeyer, Brey & Portner, (2004) completed a similar oxygen isotope study using 
modern A. opercularis from the Roscoff coast, western English Channel, France.  
The isotopic temperature results revealed comparable summer and winter 
temperatures to the logged temperatures for the region, and provided additional 
evidence that A. opercularis shell material faithfully provides a record of seasonal 
temperature variation in temperate climates.  
  
2.5.2:  Arctica islandica stable isotope analysis   
 
Schöne et al. (2005) investigated oxygen isotopic temperatures from a modern  374 
year-old A. islandica specimen that was live-collected from close to the Iceland 
coastline.  The outer edge of the shell section was milled to extract the oxygen 
isotope and carbon isotope samples, and the age range of sampling was from 1-39 
years.  The results revealed that the isotopic temperatures exhibited a high 
correspondence to modern-day Icelandic seasonal instrumental sea temperatures.  
Schöne et al. (2005) concluded that the oxygen stable isotopes recorded in the 
modern shell material of A. islandica provided a robust and a long-term record of 
seasonal temperatures; hence, that A. islandica secreted their shell material in 
isotopic equilibrium with the ambient seawater.  The investigation by Schöne et al. 
(2005) showed that the modern A. islandica exhibited an ontogenetic effect, which 
was revealed as a slow-down in the growth rate in the older A. islandica specimens.  
The effect negatively affected the accuracy of isotopic results in older specimens 
because of the associated time-averaging of the isotope samples.  Schöne et al. 
(2005) developed a strategy to counteract the ontogenetic effect.  The isotope 
samples from shell material secreted during early ontogeny were milled further apart, 
whereas samples extracted in later ontogeny were milled closer together, since 
narrower sampling grooves allowed for the sampling of individual annual cycles in 
the shell material of the older slower growing specimens.  
 
Schöne and Fiebig, (2009) investigated modern A. islandica shells as a medium for 
stable isotope analysis.  Seeing that a proportion of the specimens were collected 
from beneath the thermocline, the results obtained from these organisms were 
shown to provide a record of how seasonal stratification influenced the stable isotope 
results.  The isotopic temperature results obtained from these specimens revealed 
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an average winter minimum temperature of 5.6 °C, and an average summer 
maximum temperature of 8.2 °C.  The cooler than-expected (for the North Sea) 
benthic summer temperature was related to the influence of summer stratification, 
which prevented the circulation of warmer surface water though the water column 
into the benthic zone where the A. islandica were living.  As expected, specimens 
from shallower settings (above the thermocline) yielded temperatures with a closer 
correspondence to the instrumental summer sea-surface temperatures (SSTs) of the 
North Sea.  However, the maximum summer isotopic temperature was still cooler 
than the NSB summer surface average.  This was proposed to be potentially 
reflecting a colder summer than average.   
 
The deep specimens exhibited (on average) a narrower seasonal range of 
temperatures (2.6 °C) than the shallow specimens of 5.3 °C.  Schöne & Fiebig 
(2009) also noted how A. islandica from deeper waters of 50 to 240 m exhibited a 
saw-tooth oxygen isotope curve whereas, the shallower A. islandica specimen 
exhibited a more sinusoidal curve.  
 
Foster et al. (2009), investigated a 21-year-old articulated A. islandica, which was 
live-collected from Irvine Bay in northern Scotland, and from a shallow water-depth 
of 6 m.  The isotopic winter minimum recorded in the shell material was 4.9 °C, and 
the isotopic summer maximum temperature was 13.0 °C.  The results implied that 
the isotopic winter and summer temperatures were slightly cooler than the minimum 
and maximum instrumental temperatures (recorded in summer and winter) for the 
region.  Foster et al. (2009) concluded that the temperature discrepancy between the 
isotopic temperatures and the instrumental temperatures resulted from the fact that 
the Millport temperature station (used to obtain instrumental temperature data 
collection) was situated ~ 22 km away from the sampled site, and therefore was not 
recording the actual localised temperature regime of Irvine Bay.   
 
Foster et al. (2009) concluded that the A. islandica specimen exhibited two seasonal 
growth patterns resulting from different environmental factors, whereby winter growth 
was inhibited by declines in food supply and summer growth was impeded by the 
warmer temperatures.  The results of Foster et al. (2009) revealed a saw-toothed 
oxygen isotope curve, rather than the sinusoidal pattern expected from a specimen 
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sourced above the thermocline, as shown by the oxygen isotope profiles obtained 
from the shallow-sourced A. Islandica investigated by Schöne & Fiebig (2009).  
It is proposed that the inconsistency between the recorded saw-tooth δ18O profile in 
the Foster et al. (2009) investigation and the expected sinusoidal δ18O profile as 
proposed by Schöne & Fiebig (2009), related to the extremely shallow water-depth of 
6 m from which the A. islandica investigated by Foster et al. (2009) was sourced.  At 
such a shallow-water depth, the investigated specimen would have experienced a 
closer connection to the dynamic inter-tidal zone; hence, it is likely that the dynamics 
of this changeable environment (e.g. rapid δ18Owater excursions) may have been 
recorded in the shell material and resulted in a saw-tooth δ18O profile.   
 
2.5.3: Pinna Fragilis stable isotope analysis   
 
Freitas et al. (2005) investigated oxygen isotopes of two live-collected P. nobilis 
specimens from the southeast Spanish coastline from a 5 m water-depth.  The 
results showed an ontogenetic effect from age four onwards, which was related to a 
growth rate decline that led to a distortion of the temperature signals in older growth.  
 
Kennedy et al. (2001) who investigated P.nobilis aged from one to ten years old also 
studied ontogenetic effects and oxygen isotopes.  An ontogenetic effect resulted in 
maximum summer temperatures δ18Oshell,   which were ~2 °C lower than the 
instrumental seawater temperatures that were obtained from a tethered temperature 
recorder situated at the sampled site.  Winter isotopic temperatures were also 
affected; whereby P. nobilis aged four onwards recorded warmer isotopic minimum 
winter temperatures than the minimum instrumental winter temperatures recorded in 
the same locality (Kennedy et al., 2001).  The same investigation noted that rapid 
fluctuations observed in the P. nobilis isotopic temperature profiles might have 
reflected localised wind patterns driving cooler water into the sheltered environment 
from where the P. noblis were collected (Kennedy et al., 2001).  The study 
discounted any kinetic effects, as there was no direct correlation recorded between 
the δ18Oshell signal and the δ
13Cshell signal any time during the P. nobilis growth.  
Kennedy et al. (2001) concluded that the measurement of δ18Oshell values from 
younger Pinna specimens aged 3 years or less produced a high-resolution 
temperature data set because the organism exhibited (on average) an 8-11 month 
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growing season.  However, from four years onwards, the isotopic temperature 
records were questionable because of time-averaging which was linked to the older 
organisms exhibiting a reduced growing season of only three to six months per year 
(Kennedy et al., 2001).   
 
2.5.4: Aequipecten opercularis and Pecten maximus carbon isotope investigations 
 
Hickson (1997) investigated if any carbon isotope vital effect (e.g. the inclusion of 
metabolic and shell carbon in the extra-pallial fluid) was exhibited by A. opercularis 
from the modern North Sea.  The investigation applied a mass-balance equation to 
the carbon component of the A. opercularis shell material, in order to determine what 
percentage of carbon was sourced from internal metabolic products rather than from 
the ambient seawater.  Hickson (1997) results implied that 99 % of the biogenic 
carbon found in modern A. opercularis shell material was from external sources 
(CDIC), and only 1 % was metabolic carbon (Cmeta).  The results revealed how the A. 
opercularis organisms precipitated the carbon component of their shells in 
equilibrium to the surrounding seawater, and discounted the influence of vital or 
kinetic effects.  
 
Lorrain et al. (2004) investigated the seasonal cycles of δ13Cshell in Pecten maximus 
from the northern hemisphere.  There was a lower δ13Cshell in the winter and a higher 
δ13Cshell   in the summer resulting from the influence of photosynthesis on δ
13CDIC.  
During the autumn and winter, the plankton die, sink through the water column and 
oxidise, returning isotopically light carbon to the environment, which is incorporated 
in shell material.  An idealised seasonal δ13Cshell is represented in Fig. 4.    
 
Removed for copyright reasons Fig 4: An idealised diagram of the seasonal 
δ13Cshell from a bivalve situated in the northern hemisphere- after Lorrain et al. (2004) 
 
2.5.5: Aequipecten opercularis microgrowth increment analysis  
 
Broom & Mason (1978) investigated the relationship between food supply and 
microgrowth increment width (MIW) of modern A. opercularis specimens aged 
approximately six months old.  The experiment compared two environmental 
settings; including cages which were suspended at a two meters depth directly into 
the marine waters of the Langham Harbour, Hampshire, UK, and an outside tank 
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that received a regular source of unfiltered marine water from the Langham Harbour 
site.  Specimens from each sample group exhibited a similar growth pattern of faster 
growth from the beginning of the summer to early autumn, and no evidence of 
growth from the middle of November to the middle of February.  It is interesting to 
note that the fastest growth rates occurred in the months when the local marine 
waters naturally exhibited a high concentration of phytoplankton, and that the A. 
opercularis exhibited no growth during the winter months, when phytoplankton 
concentration was at a minimum. Broom & Mason (1978) proposed that the principle 
factor controlling MIW patterns was the availability of a phytoplankton food supply.  
However, Johnson et al. (2009) revisited the study and proposed that as the 
variations in the MIWs did not always correspond to changes in phytoplankton food 
availability an additional factor must have influenced the variations of the MIWs.  In 
order to examine this idea, Johnson et al. (2009) investigated the MIW profiles of A. 
opercularis from the North Sea.  The investigation employed A. opercularis grown in 
benthic and semi-natural cages.  The study revealed that variations in MIWs of the 
specimens grown in the semi-natural settings correlated to changes in abundance of 
planktonic food supply; whereas, the MIW profiles of the benthic (wild) A. opercularis 
probably related to the availability of a resuspended detritus food supply.  Johnson et 
al. (2009) also revealed how MIWs of A. opercularis  from the Atlantic Ocean and 
Mediterranean Sea exhibited specific MIW ranges, which were associated with the 
specific tidal regime and degree of mixing of the water column in summer. The 
results are shown in table 3.  
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Region  
 
 
Mean average increment 
width range (mm)  
 
 
Tidal system  
 
North Atlantic Ocean, 
UK. 
 
 
Less than 0.2 mm 
average increment 
widths 
 
Meso-micro tidal 
system 
 
Mediterranean Ocean,  
Malaga,  Spain 
 
 
Average increment 
width 0.2 mm 
 
 
Non-stratified and  
micro-tidal  
 
Mediterranean Ocean, 
Gulf of Tunis, Tunisia 
 
 
Average increment 
widths 
was from 0.3 mm 
 
 
Stratified micro-tidal  
 
Table 3: The common attributes found within microgrowth increment profiles of modern 
A. opercularis shells, sourced from various oceanic environments.  
 
 
Specimens from settings (macro- and meso-tidal; shallow microtidal) with year-round 
wave or tidal agitation of the seafloor, and an inferred steady supply of food in the 
form of resuspended detritus, were found to have a MIW range of 0.2 mm or less, 
while those from settings (deeper microtidal) exhibiting summer stratification, and 
with an inferred large seasonal variation in the availability of suspended food at the 
seafloor, were found to have a MIW range of over 0.3 mm (see table: 3).  
 
2.6: Applying a sclerochronological approach to bivalves for analysing past 
environments.   
 
The application of sclerochronology to Pliocene fossil bivalves to provide an 
additional proxy data source for validating palaeoclimate reconstructions is a 
relatively new concept in Earth Systems Science (Williams et al., 2009; Johnson et 
al., 2009; Valentine et al., 2011). The data from fine-scale sampling of bivalve shell 
material (on an increment basis) at intervals of c. 1 mm records seasonal 
palaeotemperature data at a 2-4 weeks resolution (Gillikin et al., 2005).  Results from 
previous studies of carbon isotopes produced inconclusive results; hence, the 
palaeoenvironmental significance of carbon isotopes in biogenic CaCO3  has 
remained elusive.  However, the main palaeoenvironmental features proposed to be 
reflected in this variable  (as reviewed by Williams et al. 2010) were food supply and 
the metabolic activity of an organism.  
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2.6.1: Recognising post-depositional diagenesis in biogenic carbonates.  
 
Any attempt to reconstruct palaeoenvironment from carbonate geochemistry relies 
on the assumption that the original biogenic carbonates have remained unaltered 
(Pilkey & Goodell, 1964; Brand & Veizer, 1980; Pirrie & Marshall, 1990; Schrag, 
1999; Klein et al., 2010).  However, post-depositional taphonomic effects (specifically 
diagenesis processes) may have distorted or overprinted the original isotope signal 
(Pilkey & Goodell, 1964; Brand & Veizer, 1980; Pirrie & Marshall, 1990; Schrag, 
1999; Klein et al., 2010). 
 
In 1980, Brand & Veizer concluded from experiments that diagenetic processes 
resulted in variations to the minor and trace elements, and that there was evidence 
of microstructural changes and mineral variation in the CaCO3.  Meteoric water was 
shown to dissolve the original CaCO3 microstructure and this leads to the infilling of 
mineral pores with geochemically distinct material.  The introduction of trace 
elements produced a substitution of Ca2+ (found in the CaCO3) by manganese 
(Mn2+) and iron (Fe2+).  It was the evidence of this substitution, which provided the 
indicator that post-depositional diagenesis, had occurred.  Therefore, screening 
tools, such as Catholuminescence (CL) and the Dickson Staining method are used 
to detect this substitution to avoid inaccurate reconstruction of palaeoclimate from 
using altered CaCO3 material.  For example, the introduction of post-depositional 
meteoric water results in the miscalculation of warmer palaeotemperatures from the 
oxygen isotopes. This occurs because the original higher δ18Ow signal in the biogenic 
CaCO3 becomes overprinted by the lower δ
18Ow  signal from the meteoric water.   
 
2.6.2: Fossil bivalve stable isotope analysis: case studies- stable isotope analysis of 
Holocene A. opercularis specimens 
 
Hickson et al. (2000) investigated the oxygen and carbon isotopes of six articulated 
SNSB A. opercularis (from the Holocene time-interval) to determine if 
palaeotemperatures, carbon isotope data, and microgrowth increment records were 
faithfully recorded.  The results revealed all year growth, as represented by the 
evidence of no growth breaks in the MIW records of the specimens.  The oxygen 
isotope signal reflected a seasonal cycle, and the oxygen isotope temperatures 
corresponded to the temperature tolerance range exhibited by modern A. 
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opercularis.  Furthermore, the recorded isotopic seasonal temperatures were 
analogous to the seasonal temperatures as proposed for SNSB during the Holocene 
time-interval.  The Hickson et al. (2000) investigation revealed evidence of single-
point anomalies in the δ18Oshell records, in a number of specimens.  Hickson et al. 
(2000) concluded however, that the spikes in the δ18Oshell did not reflect rapid 
changes in temperatures of the Holocene SNSB, but resulted from sampling errors.   
 
2.6.2.2: Pliocene Aequipecten opercularis  
Initial studies, completed by Johnson et al. (2000), and Johnson et al. (2009); of 
Pliocene A. opercularis from the Coralline Crag Formation, eastern England, UK, 
identified a discrepancy between the palaeotemperature estimates obtained from 
oxygen isotope thermometry and the palaeotemperatures from dinoflagellate cysts 
and ostracod assemblages.  The isotopic results implied comparable winter benthic 
palaeotemperatures to the present-day SNSB, and cooler benthic summer 
palaeotemperatures than the summer estimates from other biological proxies.  
Pliocene A. opercularis estimates were revisited in a review (completed by Williams 
et al. 2009) and the palaeotemperatures were recalculated using an alternative 
assessment of δ18Ow.  The recalculations aimed to determine if the 
palaeotemperature discrepancies between benthic palaeotemperatures obtained by 
oxygen thermometry of the shell material and the palaeotemperatures estimated by 
other biological proxies could be alleviated.  Despite the recalculation, the isotopic 
palaeotemperatures were still cooler than the palaeotemperatures as indicated by 
the other biological proxies.  From these results, one interpretation was that the 
original oxygen isotope signal had been corrupted by the action of diagenetic 
processes (Williams et al. 2009).  Nonetheless, as identified by Johnson et al. 
(2009), the most likely diagenesis process in the Pliocene SNSB environment would 
have involved the distortion of the original isotope signal by post-burial introduction 
of isotopically light meteoric carbonate into the shell material.  This would have 
resulted in the miscalculation of warmer than expected palaeotemperatures. 
Therefore, Johnson et al. (2009) disputed the idea of diagenetic alteration and 
suggested that the cooler isotopic summer temperatures from A. opercularis 
reflected the living position of the organism, which would have existed below the 
seasonal thermocline.  If such a thermocline had existed in the SNSB during the 
Pliocene, winter benthic palaeotemperature estimates would have been unaffected 
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by a thermocline effect because of vertical mixing at this time.  Therefore, an 
additional explanation is required to compensate for the discrepancies in the winter 
palaeotemperatures estimates from the benthic bivalves and the much warmer 
winter SST estimates from other proxies.  
 
2.6.2.3: Investigations of Pliocene Arctica islandica oxygen isotope profiles  
 
 A literature review revealed that minimal data exists on seasonal oxygen isotope 
and carbon isotope investigations of Pliocene A. islandica.  An unpublished oxygen 
isotope dataset from three A. islandica from the Ramsholt Member of the Coralline 
Crag Formation, UK cited in Williams et al. (2009) exhibited a benthic 
palaeotemperature range1 of 3.6 °C to 12.8 °C.  An investigation of a single A. 
islandica valve from the Ramsholt member completed by Johnson et al. (2009) 
revealed a winter minimum benthic palaeotemperature of 8.7 °C, and a summer 
maximum benthic palaeotemperature of 13.4 °C1.  An explanation for the 
palaeotemperature discrepancies was that the individual specimens may have lived 
at different time-intervals during the deposition of the Ramsholt Member. The 
isotopic palaeotemperature results from the A. islandica specimens (as with the A. 
opercularis palaeotemperature results) revealed that the summer benthic 
palaeotemperatures were much colder than the assumed summer 
palaeotemperatures from other biological proxies.  Much cooler summer benthic 
palaeotemperatures than expected provides further evidence of summer stratification 
in the SNSB.  Nevertheless, as previous modern A. islandica indicated that the 
oxygen isotope profiles from organisms situated in deeper waters, (i.e. 50-240 m) 
and below the thermocline) are relatively saw-tooth reflecting brief episodes of 
warming through downward mixing of surface waters in the autumn, while profiles 
from shallow-water settings are sinusoidal (paralleling surface temperature 
variation). The specimen analysed by Johnson et al. (2009) exhibited the latter 
pattern but the moderately deep setting (50 m; estimated from independent 
evidence) may have been sufficient to create a record with both ‘deep’ (low summer 
temperature) and ‘shallow’ (sinusoidal overall pattern) characteristics. 
 
                                                          
1
.  The seasonal oxygen stable isotope values were converted to palaeotemperatures by applying the 
Grossman & Ku (1986) aragonite palaeotemperature equation, as modified by Schöne et al., (2005), 
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2.6.2.4: Oxygen isotope and Carbon isotope investigations of a Pliocene Pygocardia 
rustica, from the Tjörnes Bed, Iceland.  
 
Alongside investigations of Pliocene A. islandica from the Tjörnes Formation, 
Buchardt and Simonarson, (2003) examined the suitability of P. rustica as a tool for 
detecting palaeoenvironmental conditions of the Tjörnes Formation by isotopically 
analysing oxygen and carbon isotopes from unarticulated P. rustica valves.  The 
valves were collected from the upper beds of the Tjörnes Formation, northeastern 
Iceland, which were attributed to the Pliocene epoch.  SEM analysis of all of the shell 
material (including the A. islandica and P. rustica material) was completed prior to 
any stable isotope analysis and only valves, which exhibited 3 % or less alteration of 
aragonite to calcite, became selected for stable isotope analysis.  The results 
revealed low δ18Oshell and δ
13Cshell values.  From these results, Buchardt & 
Simonarson, (2003) concluded that the (i) introduction of isotopically light dissolved 
organic carbon (DIC) through river run-off or storm activity had overprinted the 
original isotope signal or that (ii) P. rustica exhibited a vital effect whereby, the 
δ13Cshell was formed from predominantly metabolic carbon that naturally has a lower 
δ13C than DIC in ambient seawater.   
  
2.6.3: Microgrowth increment analysis of fossil bivalves: what palaeoenvironmental 
features are revealed?    
 
Data regarding palaeoenvironments can be obtained from the measurement of 
physical growth patterns from fossil bivalves in the form of microgrowth increment 
widths (MIW) (Barrera & Tevesz, 1990; Johnson et al., 2000; Carroll, Romanek & 
Paddock, 2006).  MIW records are shown to generally act as a complementary tool 
to the additional geochemical sclerochronological data (oxygen and carbon stable 
isotopes) contained in bivalve shells (Schöne et al., 2005).   
 
2.6.3.1 Microgrowth increment width measurement of Holocene SNSB Aequipecten 
opercularis  
 
Johnson et al. (2009) investigated the MIWs of four late Holocene A. opercularis 
(aged 965-2535 years BP) from the SNSB.  The MIW profiles of the specimens 
exhibited a short-term periodicity, which was equated to approximately 28 days.  
This 28-day cycle was linked to tidal-cycles, which probably influenced the types and 
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the amounts of food supply, and levels of turbidity.  Any changes to a food supply 
would have had a direct effect on an organism’s growth, and ultimately the widths of 
its microgrowth increments.  Greater turbidity would have disturbed the filter feeding 
process in the organisms and therefore inhibited the production of wide MIWs.  
 
2.8.3.2: Case study: Microgrowth increment width measurement of Pliocene 
southern North Sea Basin Aequipecten opercularis  
 
Johnson et al. (2009) measured the MIWs of nine SNSB Pliocene A. opercularis 
from the Coralline Crag Formation, Suffolk, UK, and a seasonal context was 
provided by palaeotemperature data obtained from oxygen isotopes analysis of the 
same specimens.  The results revealed a seasonal signal, whereby the MIWs were 
anti-phase to the isotopic palaeotemperatures: wider increments occurred in the 
winter seasons, and narrower MIWs were recorded in summer seasons.  This anti-
phase pattern had not been recognised the MIWs of previously investigated Pliocene  
A. opercularis.  During later ontogeny, the MIWs and palaeotemperatures became 
in-phase, and smaller MIWs corresponded to cooler temperatures and the wider 
MIWs to the warmest temperatures.  To reconcile the unusual early ontogenetic 
growth pattern of greater growth in the winter and reduced growth in the summer, 
Johnson et al, (2009) proposed that the breakdown of a summer thermocline would 
have permitted organic detritus (deposited in the summer) to be resuspended in the 
benthic zone during the autumn and winter months, providing a suitable food source 
that elevated the growth rate of the organism.  A model describing how seasonal 
ocean dynamics of the SNSB may have influenced the MIWs of Pliocene A. 
opercularis as proposed by Johnson et al, (2009) is presented in Fig. 5.  
 
Removed for copyright reasons Fig. 5: A model describing how ocean dynamics of the 
SNSB may have influenced the microgrowth increment widths (MIW) of Pliocene A. 
opercularis (after Johnson et al, 2009).  
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Chapter 3: Material and methods  
 
3.1: The geography, geology and development of the North Sea.  
 
The North Sea is a marginal sea of the North Atlantic, and countries that border the 
North Sea Basin (NSB), include Scotland, England, Norway, Denmark, Germany, 
France, the Netherlands and Belgium.  Presently, the North Sea covers an area of 
750, 000 Km2, and it connects to the Atlantic Ocean in the northern and north-
western edges of the NSB.  A southern connection to the Atlantic Ocean occurs 
through the Dover Straits.  The Baltic Sea connects to the North Sea via the 
Skaggerak, which is situated on the northeastern edge of the NSB.  In order to 
establish an accurate picture of the Pliocene NSB characteristics, a greater 
understanding of how the configuration of the NSB developed over time is required; 
as general geography and topography of the modern NSB all play significant roles in 
its current circulation, tides and depth, and it is these factors, which influence the 
regional sea surface temperature (SST) distribution (Fig. 6).  
 
Removed for copyright reasons Fig. 6: The geography of the North Sea Basin 
(Google,2007) 
 
The development of the NSB was influenced by a combination of eustatic sea-level 
changes, tectonics, and glaciations (Gripp, 1915; Sorgenfrei, 1969; Zagwijn, 1974; 
Gibbard, 1988; Thorne & Watts, 1989; Overeem et al., 2001; Kulhmann et al., 2006; 
Wong et al., 2007; De Schepper et al., 2008; Preusser et al., 2008).  Offshore marine 
borehole investigations revealed how the geological development of the NSB began 
with Permian subsidence of the northwestern Europe region (~299.0 Ma; Walker et 
al., 2009), and this subsidence continued in most areas throughout the Mesozoic 
(~251.0 to ~65.5 Ma; Walker et al., 2009).  Division of the Eurasian and North 
American plates triggered the subsidence that established the Mesozoic Rift zone 
with the mid-North Sea High at its triple junction; (Cope, Ingham & Rawson, 1992) 
which eventually became flooded as the Atlantic Ocean developed (Gibbard, 1988; 
Wong et al., 2007).  
 
From the mid-Miocene (c. 15 Ma) onwards, Walker et al., (2009); a combination of 
regional Alpine uplift and ocean regression produced an emergent chalk ridge 
running from the Weald (UK) to Artois (France), which divided the southern North 
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Sea Basin (SNSB) from the modern-day Channel Basin (Gibbard, 1988; Cameron et 
al., 1992; Wong et al., 2007).  During this time, a shallow, epineritic, continental 
ocean of 36.5 m average depth was created through the sediment load being 
transported into the NSB by river systems including the: Thames, Seine, Somme, 
Elbe, Meuse, Saale, Rhine, Weser, and Scheldt (Gibbard, 1988; Gibbard, 1995; 
Funnell, 1995; Zagwijn, 1985).  During the later Tertiary period (~6.5 to ~2.6 Ma: 
Walker et al., 2009)  there was a further c. 3000 m of subsidence in the central 
region of the NSB (Overeem et al., 2001; De Schepper et al., 2008).  This combined 
with a greater sediment load, and extensive marine transgressions allowed the 
formation of marine sequences at the margins of the SNSB (Overeem et al., 2001; 
Slurpik et al., 2007). 
 
A stepwise shallowing of the North Sea is observed from the analysis of three 
Neogene boreholes from northwest Europe ~3.0 Ma onwards.  This gradual 
shallowing of the NSB was linked to the onset of the northern hemisphere glaciation 
(NHG) (Overeem et al., 2001).  The NHG altered underwater topography in the NSB 
in two ways, by glacial erosion of the seabed that produced depressions, and the 
introduction of glacial debris into the NSB, which increased the topographic height of 
the seabed.  One newly formed NSB depression was the Norwegian Trench with a 
sill depth of 270 m to 700 m.  Glacial debris produced elevations in the post-Pliocene 
NSB, and an example is the Dogger Bank, which was formed from debris of the 
Weichsel Glaciation.  The resulting structure was a 160 miles long moraine that was 
elevated 18.28 m higher than the surrounding North Sea floor (Veenstra, 1965; 
Dingle, 1965; Stride, 2004).   
 
During the NHG, the Fennoscandian Ice Sheet and the British Ice sheet spanned the 
area from Scandinavia to the UK.  These structures acted like a dam in the northern 
North Sea region.  Still, the river systems of the Thames, Seine, Somme, Elbe, 
Meuse, Saale, Rhine, and Scheldt continued to flow northwards, and into the North 
Sea Basin.  Inflow from these rivers formed a pro-glacial lake, which was located in 
the region of the present-day North Sea.  Approximately 450,000 years before 
present, and during an interglacial ocean highstand, the Weald-Artois isthmus was 
breached, and the pro-glacial lake discharged its water directly into the Channel 
Basin.  This discharge of water incised a valley, which was later flooded to become 
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the English Channel.  The exact mechanisms for how the Weald-Artois anticline 
became breached remains disputed, and hypotheses include the action of fluvial 
erosion, tidal scouring, glacial erosion, and a catastrophic megaflood event.  Gupta 
et al. (2007) produced maps of the palaeo-bathymetry of the English Channel and 
the Dover Straits high-resolution sonar data, and they produced NSB elevation 
models from radar investigations.  The northern palaeovalley maps revealed 
evidence of longitudinal erosion grooves, and island landforms.  According to Gupta 
et al, (2007) these specific types of landforms revealed that sub-aerial breaching of 
the Weald-Artois chalk ridge had occurred.  Consequently, the newly discovered 
evidence of sub-aerial erosion suggested that a catastrophic megaflood event had 
breached the Weald-Artois anticline.  Moreover, the palaeovalley topography maps 
implied that the Weald-Artois ridge was initially weakened by one megaflood event, 
and that a secondary megaflood event had then completely breached the anticline 
(Gibbard, 1988; Gibbard, 1995; Gupta et al., 2007).  By marine isotope stage 5e (c. 
124,000 to c. 119,000 years before present) the Dover Straits had formed, and 
Britain became an island which was isolated from the continent of Europe by the 
English Channel (Gibbard, 1988; Gibbard, 1995; Gupta et al., 2007). 
 
3.2: The bathymetry of the modern North Sea.   
 
The modern-day North Sea demonstrates a zonal depth distribution.  The greatest 
depths of between 100-200 m occur in the north of the basin,  whereas the southern 
North Sea Basin (SNSB) is a shallower zone of water, and with the exception of so-
called ‘deeps’ (that exhibit depths of 95 m or more),  it exhibits a depth of  40 m or 
less.  The depth of the central region of the North Sea is between 60-100 m 
(Cameron et al., 1992).  
 
3.3: Circulation and tidal behaviour of the modern North Sea. 
 
North Sea circulation exhibits an anti-clockwise pattern (see Fig. 7).  Atlantic water, 
with an average temperature of approximately 8 °C flows into the NSB from east of 
the Shetland Isles.  The Atlantic water then mixes with water from the northern North 
Sea, and the newly mixed water then travels towards and alongside the eastern 
English coastline.  At 57 °N latitude it meets an opposing southwestern current 
deriving from the English Channel (via the Dover Strait).  This current then deflects 
the North Sea circulation towards the Dutch and Belgian coastlines.  Topographic 
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features and geostrophic force drives the water out of the NSB (via the Norwegian 
Trench), and into the Norwegian Sea.  This departing North Sea water is cooler than 
the incoming Atlantic water, and its average temperature is 5.5 °C (Cameron et al., 
1992; Tsimplis et al., 2005; 2006).  
 
Removed for copyright reasons: Fig. 7: A simplistic diagram of the general circulation in 
the North Sea, blue currents are Atlantic waters and the black dashed line are other water 
sources (Source: after Turrell, 1992; Ospar, 2000) 
 
North Sea tides are classed as indirect tides, which are a product of tidal waves 
formed in the Atlantic Ocean.  The originating tidal waves are comparatively weak, 
and only develop into stronger tidal systems when the waves reach the shallower 
sections of the European Continental Shelf.  The European Continental Shelf’s 
underlying topography shortens the tides’ wavelength, increases the tidal wave 
heights, and produces the strong tidal systems of the North Sea that exhibit a semi-
diurnal tidal frequency.  Structures that occur in the modern-day NSB which reflect 
these strong tides include sand waves that are established around Dogger Bank, 
sand ribbons located in the Dover Straits, and sand banks found throughout the NSB 
(Cameron et al., 1992).  
 
3.4: Seasonal stratification of shelf seas.  
 
In modern-day shelf seas, tidal energy, wave energy and depth all influence the 
degree of seasonal thermal stratification.  Summer stratification currently occurs in 
areas of the North Sea which exhibit a water depth of 40 m or more, and where wave 
or tidal energy is reduced enough to prevent mixing of the water column.  Summer 
stratification produces a summer thermal difference of between 7-9°C (as described 
in Fig. 8) between the sea-surface waters and the benthic waters.  In areas at the 
same latitude in the North Sea, where summer stratification is absent, the thermal 
gradient between surface waters and benthic waters is only 1-2 °C.  In strongly 
stratified waters of the modern North Sea where the depth is 70 m or more, a strong 
seasonal bottom water signal is recorded.  This signal is recognised as decreased 
oxygen availability in summer, and by the summer seafloor temperatures reflecting 
the temperature ranges, which were experienced during the previous winter (Austin, 
Cage & Scourse, 2006).  
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Fig. 8: A diagram showing temperature (°C) and summer stratification occurring in the 
modern North Sea. 
 
 
3.4.1: Benthic versus surface temperatures calculation and seasonal stratification.  
 
Temperatures obtained from isotope analysis in this investigation are benthic 
temperatures rather than sea-surface temperatures (SSTs).  In order to calculate the 
latter, important consideration must be made to the depositional environment that the 
shell was secreted in specifically the bathymetry.  A deeper water column coupled 
with minimal tidal and current influence will increase the likelihood of seasonal 
stratification.  This effect prevents direct comparisons between summer SSTs and 
summer benthic temperatures (Witbaard, 1996; Valentine et al., 2011).  Winter 
benthic temperatures remain a faithful representation of winter SSTs due to 
breakdown of the thermocline related to decreased insolation and increased mixing 
of the water column producing a uniform temperature.  Therefore, if the regions 
investigated (in the Pliocene SNSB) show comparable ocean characteristics to those 
exhibited by areas of the modern North Sea which currently experience summer 
stratification (including depths of 40 m or more, and decreased water column 
agitation),  this increases the likelihood that summer stratification occurred in these 
localities.  Consequently, any direct comparison between Pliocene summer SSTs 
and Pliocene benthic summer palaeotemperatures would be questionable (Valentine 
et al., 2011).   
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3.5: Climate of the modern North Atlantic and North Sea regions.  
  
In general, the seasonal range of SSTs in the modern-day North Sea is 11°C;  
encompassing an average winter minimum of 6 °C, and an average summer 
maximum of 17 °C.  Although, in abnormally cool or warm years, winter minimum 
SSTs of 2 °C and summer maximum SSTs of 20 °C have been recorded (Elliot, 
Clarke & Li, 1991; Lane & Prandle, 1996).  During the last 1000 years, variations in 
the North Sea average seasonal maximum and minimum temperatures have been 
observed in the proxy records and from actual direct temperature records.  These 
data demonstrated that long-term (multi-decadal), and short-term (annual, 
interannual and decadal), variations in North Sea seasonal SSTs may be linked to 
naturally occurring cycles associated with atmospheric and oceanic forcing (Rodwell, 
Rowell & Folland, 1999; Becker, 1996; Latif et al., 2004; Sutton & Hodson, 2003).  
 
One such example is an oscillation in the pressure gradient of the Azores 
atmospheric high-pressure system and the Icelandic atmospheric low-pressure 
system, which is referred to as the North Atlantic Oscillation (NAO).  A positive NAO 
(+NAO) is recognised by a greater westerly wind strength and stronger Gulf Stream 
advection than is experienced during a normal NAO pressure state.  During a 
negative NAO (-NAO) the opposite effect occurs. 
Data from radar sensors, satellite imaging systems, and stationary ocean buoys has 
improved understanding of how the different NAO states influence seasonal 
temperature in northwestern Europe.  Pingree (2005) examined how NAO states 
from 1989-1995 affected the SSTs of waters close to the Shetland Isles.  Results 
implied that the mean annual SSTs were generally warmer during +NAO years and 
cooler in –NAO years, and that the average winter SSTs recorded in –NAO states 
were cooler by ~ 2°C than the average winter SSTs recorded during +NAO states.  
This investigation showed that it was the winter SSTs in the northern hemispheres, 
which are predominantly, affected by the NAO phenomenon, whereas the northern 
hemisphere summer SSTs appeared to be less influenced by the changing NAO 
states. 
 
It is not entirely clear whether the variation in winter SST is due to a variation in 
atmospheric or oceanic transport of heat, and if the latter, whether the cause is a 
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variation in wind strength or the subduction of dense water in the Nordic Seas.  
There appears to be a closer correlation of SST with ocean current strength than 
with NAO state (Becker, 1996; Latif et al. 2004), a finding that implies a variation in 
subduction.  Whatever the causal factor, a greater inflow of Atlantic water into the 
NSB during 1989-1990 provides an explanation for relatively warm winter SSTs 
(OSPAR, 2000)  
 
Nonetheless, the affect of regional differences cannot be neglected when 
investigating NSB SSTs responses to various forcing factors.  The regional 
responses of present-day northern hemisphere winter SSTs (to a variety of 
atmospheric and oceanic forcing factors) were explored by Sutton & Hodson (2003) 
using a GCM reconstruction of the NAB.  The GCM showed different winter SST 
responses when applying identical forcing factors to different localities in the NAB.    
 
3.6: δ18Ow variation in the modern southern North Sea Basin  
 
An investigation into the Global Network of Isotopes in Precipitation (GNIP-1989) 
revealed that distinct regional δ18Ow signatures are exhibited in modern northwest 
Europe, and that isotopic depletion occurs from west to east in the SNSB.  The 
reason for this is that in the eastern North Sea there is a greater inflow of isotopically 
light rainwater, through river systems.  The most affected regions in the SNSB are 
the German Bight-Baltic region, and the western Norwegian Coast (Austin, Cage & 
Scourse, 2006).  If this difference occurred during the Pliocene, it would require 
consideration in the palaeotemperature calculations in order to obtain the most 
robust regional picture of seasonal palaeotemperatures.  
 
3.7: Plankton dynamics of the modern North Sea.  
 
Plankton communities of the North Sea include plant forms (phytoplankton) and 
animal forms (zooplankton).  The availability of light and nutrients directly influences 
plankton dynamics.  Light availability in the northern hemisphere is generally highest 
in summer; contrastingly, nutrients are greater in the modern North Sea during the 
winter periods.  Plankton groups that live deeper in the ocean are more affected by 
changes to light availability because light is the limiting factor.  Contrastingly, 
insufficient nutrient supplies is the limiting factor in growth of pelagic plankton 
communities that live higher up in the water column,  and are in contact with sunlight. 
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Zooplankton numbers are predominantly controlled by phytoplankton dynamics.  
Elevated phytoplankton productivity increases the food supply for zooplankton and 
thus, promotes greater zooplankton numbers, whereas a decrease in phytoplankton 
productivity produces the opposite effect.  Phytoplankton is the main food source for 
zooplankton, but it is important to remember that particulate organic matter (POM) is 
an additional food source for zooplankton living in deeper waters.  POM naturally 
descends from surface waters into the deeper water, and after it reaches the 
seafloor may become resuspended and available to benthic zooplankton and larger 
suspension feeders such as bivalves.   
 
Analysis of data from Continuous Plankton Recorders (CPR) in the North Atlantic by 
Colebrook (1982) during 1958 to 1977, revealed that the modern northern 
hemisphere oceans exhibit recognisable plankton dynamics, which described in Fig. 
9  
 
Removed for copyright reasons Fig. 9: Phytoplankton dynamics of the modern North Sea 
(data from Colebrook, 1982). 
 
Alongside nutrient supply and light availability, changes in ocean temperatures also 
influence North Sea plankton dynamics, and more specifically, it is the timings of 
phytoplankton blooms, which are affected by annual temperature variations.  In 
overall warmer years, the North Sea phytoplankton exhibit more extended or 
perhaps later spring blooms, and in colder years a shorter and more rapid plankton 
spring bloom is observed (Coma et al., 2000; Hays, Richards & Robinson, 2005; 
Doney, 2006).  Furthermore, a reduced ocean temperature in winter promotes a 
dormancy (overwintering) response in some plankton species living in the present-
day North Sea.  Zooplankton copepods exhibit such a response, whereby their 
overwintering behaviour involves a vertical migration into deeper water and 
sediments.  One important outcome from this vertical migration of copepods is that 
they provide a supplementary food source for modern North Sea benthic organisms 
during winter periods (Colebrook, 1982).   
 
Longer-term increases in ocean temperatures have produced plankton regime shifts 
in the modern North Sea.  A regime shift occurs when a preferentially cool water 
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indicator species becomes superseded by warmer water indicator species.  
Examples of plankton regime shifts in the modern NAB involved C. trichocerous, and 
prior to the 1970’s, this species lived predominantly in the southern UK; however, as 
the Northern hemisphere SSTs temperatures have increased, this species has 
migrated to the more northerly location of western Scotland.  Additionally, during the 
last 40 years copepod communities have extended their distribution 1000 km further 
north and into previously ‘cooler’ northeastern Atlantic waters as a response to 
warmer SSTs in the NAB (Hays, Richards & Robinson, 2005).  
 
Chapter 3: Summary  
 The modern North Sea was formed in conjunction with the division of the 
Eurasian and North American Plates.   
 The degree of GS/NAD current strength alters the level of ocean heat 
transport in the Atlantic Ocean, and hence, indirectly influences ocean 
temperature in the North Sea.  
 Summer stratification is apparent in regions of the modern North Sea of a 40 
m depth or more, and where water agitation is insufficient to mix the water 
column.  During summer stratification, a thermal gradient of 7-9 °C between 
SSTs and benthic temperatures is recognised.  Stratification is not a factor of 
influence in winter temperatures because the combination of decreased solar 
insolation and greater water agitation, which mixes the water column, 
removes any thermal gradient between surface and benthic waters, which 
may have developed during the summer months.   
 The average seasonal temperature range in the modern North Sea is 11 °C 
encompassing an average minimum winter temperature of 6°C and a 
maximum summer temperature of 17 °C.   
 Modern investigations into North Sea seasonal temperature reveal that there 
are long-term (multi-decadal) and short-term (annual, interannual and 
decadal) seasonal temperature variations potentially linked with atmospheric 
forcing factors of the NAO, and ocean forcing factors.  NAO+ produces 
warmer winter SSTs than is generally recorded in the North Sea, and a –NAO 
promotes colder winter temperatures than the North Sea average.   
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 Enhanced ocean heat transport produces warmer than average winter SSTs 
in the modern North Sea, and decreased ocean heat transport results in 
cooler winter SSTs than average.   
 Regional differences may influence temperature responses in the modern 
North Sea as different SST responses have been recorded in GCM 
reconstructions of various regions of the north hemisphere to identical 
temperature forcing factors.   
 δ18Ow varies in the SNSB, with isotopic depletion occurring from west to east. 
 Phytoplankton dynamics in the modern North Sea are primarily controlled by 
light and nutrient availability, and modern North Sea zooplankton dynamics 
are predominantly controlled by phytoplankton productivity.   
 In the short-term, ocean temperatures are shown to influence phytoplankton 
spring blooms; in warmer years than average a more gradual phytoplankton 
spring bloom is recorded, and in colder years than average, a more rapid 
phytoplankton spring bloom is recorded.   
 In the long-term, greater ocean, temperatures in the North Sea are shown to 
promote regime shifts in plankton communities, whereby cooler-water 
indicator species move further north, and these species are then superseded 
by warmer-water indicator species. 
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Chapter 4: The Pliocene southern North Sea Basin. 
4.1 Important ocean circulation reconfigurations in the Miocene and Pliocene SNSB.  
 
Important reconfigurations of ocean circulation occurred in the northern hemisphere 
during the Miocene and Pliocene including the initial opening of the Bering Straits, 
and the closure of the Central American Seaway, which formed the Isthmus of 
Panama (Marincorich Jr, 2000).  
Formation of the Isthmus of Panama may have instigated the Meridional Overturning 
Circulation (MOC), which began transporting warmer North Pacific waters towards 
the Indian Ocean and into the Atlantic Ocean.  The MOC includes the North Atlantic 
current (NAC) system that encompasses the Gulf Stream/North Atlantic Drift 
(GS/NAD) surface current system.  This current assists in distributing warm water 
into the northern North Atlantic, and cool winds, which originate off Northern Iceland 
and Labrador, take up the current heat and transport it towards Europe.  An 
opposing deeper current system called  the North Atlantic Deep Water (NADW) 
transports cooler water southwards from the northern hemisphere, thus, closing the 
loop of the so called ‘ocean conveyor system’.  The NAC current and the NADW 
exhibit specific ocean properties, and water transported via NAC is more acidic and 
less oxygenated than the cooler NADW (Broecker, 1987; Rahmstorf, 1999; Kerr, 
1998).   
Keigwin (1982) proposed that the North Atlantic would have been cooler without the 
Isthmus of Panama; furthermore, any breaching of this ocean feature may have 
reduced the amount of ocean heat transported into the North Atlantic because of the 
resulting MOC depression (Schmidt, 2007).  It is important therefore, to consider if 
breaches of this oceanographic feature occurred during the Pliocene; since, any 
alterations to heat being transported by the NAC would influence the temperature of 
the northern Atlantic water entering into the NSB; hence, indirectly affecting ocean 
temperatures in the Pliocene NSB.  
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Schmidt, (2007) reviewed multiple investigations to identify the date that the Isthmus 
of Panama formed and proposed that generation started ~4.7 Ma.  The rationale for 
this was that prior to ~ 4.7 Ma fossil Pacific and Atlantic Ocean foraminifera recorded 
an analogous δ18O signal, and this similarity was attributed to the constant water 
exchange between the Pacific Ocean and the Atlantic Ocean in a circumtropical 
seaway.  Once the Isthmus of Panama was established this ocean exchange 
ceased, and resulted in the foraminifera exhibiting distinct δ18O signals from each 
other.  The same review suggested evidence for breaching of Isthmus of Panama at 
~3.8 Ma and between ~3.4 Ma to 3.3 Ma.  The proposed date for a fully formed 
Isthmus of Panama was ~ 2.7 Ma (Schmidt, 2007).   
4.2: Pliocene NSB palaeoshorelines and palaeogeography.  
Disputes still exist regarding the palaeogeography of the Pliocene NSB and if a 
southern connection to the Atlantic Ocean in the SNSB was in existence.   
One hypothesis proposes that a proto-English Channel may have existed between 
the SNSB and the Atlantic Ocean during the early-to mid-Pliocene, which would 
have allowed warmer Atlantic water to enter the SNSB (Fig. 10).  The reasoning for 
this is that sea-levels in the Pliocene SNSB are estimated at 25 m or above the 
current level.  Consequently, any additional regional or global sea-level rise may 
have potentially overtopped the newly formed Weald-Artois anticline, and any 
breaching of this anticline would have allowed warmer Atlantic water to enter the 
SNSB (Funnell, 1995; Funnell, 1996; Van Vilet Lanoe et al., 2000).  This idea was 
supported by the presence of comparable warm-water indicator species in Pliocene 
marine deposits that were situated either side of the proposed proto-English Channel 
site, which indicated comparable ocean temperatures between the two water bodies 
(Funnell, 1972; Funnell, 1995).     
Removed for copyright reasons Fig. 10: A diagrammatic representation of a non-
landlocked Pliocene NSB (adapted from Valentine et al.  2011) 
An alternative hypothesis proposes that the uplift of the Anglo-Brabant massif and 
the emergence of the Weald-Artois anticline chalk ridge would have prevented any 
southern-most connection of the North Sea and the Atlantic Ocean basins, despite 
the higher sea-levels that were proposed for the Pliocene.  Consequently, the 
Pliocene North Sea and the Atlantic Ocean would have only been connected in the 
79 
 
northern-most point of the NSB Smith, (Curry & Biolot, 1975; Cope, Ingham & 
Rawson, 1992; Gibbard, 1995; Van-Vilet-Lanoe et al., 2000; Kulhmann et al., 2006; 
De Schepper et al., 2008). 
Onshore and offshore borehole examinations of Neogene geology revealed 
evidence that only specific regions of the UK exhibited Neogene sediments 
representing past-marine environments, and such sediments were not incorporated 
into the sequence within the axis of the Weald Artois anticline, or in the geology that 
surrounded it.  Furthermore, marine formations deposited within the Pliocene Epoch 
(including the Lenham Beds, St Erth Beds, and the Coralline Crag) are all in regions 
of the UK that are outside of the Weald-Artois anticline.  This indicates that 
deposition of marine sediments potentially did not occur in the region of the anticline 
as it became uplifted, and hence, it indirectly suggests that the Weald-Artois anticline 
was unlikely to have been overtopped by Atlantic Waters during the Pliocene (Cope, 
Ingham & Rawson, 1992).  
Neogene deltaic sediments (including shallow marine sands, which are the expected 
deposits of a shoreline) could suggest the locality of river systems entering North 
Sea or estuarine environments, and may assist in detecting palaeoshorelines of the 
Pliocene NSB.  The majority of such sediments are not found in localities directly 
affected by the Weald–Artois anticline, which is the expected pattern if there was no 
connection between the SNSB and the Atlantic Ocean.  Furthermore, had the 
Weald-Artois anticline been overtopped by Atlantic waters during the Pliocene, it is 
expected that there would be evidence of Pliocene marine sediments in the London 
or Hampshire Basin.  Yet there is only evidence of Miocene marine sediments; 
therefore, it is unlikely that the region became inundated with seawater after Miocene 
times.  Additionally, along with the extensive uplift associated with the formation of 
the Weald-Artois anticline extensive increases in sea level would have been required 
to inundate the region (Smith, Curry & Biolot, 1975; Cope, Ingham & Rawson, 1992; 
Gibbard, 1995; Van-Vilet-Lanoe et al., 2000; Kulhmann et al., 2006; De Schepper et 
al., 2008).  Finally, the idea of a southern-most connection across southern England 
to the North Atlantic  (as proposed by Funnell, 1972; 1995),  is somewhat 
undermined by the aforementioned investigation by Gupta et al. (2007), which 
examined features of a Pre-Pleistocene and Pleistocene North Sea Palaeovalley.  
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Their research confirmed that the younger than Pliocene English Channel and Dover 
Straits formed from a discharged pro-glacial lake.  It is unfeasible to suggest that any 
development of pro-glacial lake would have occurred without restriction of glaciations 
in the northern section of the glacial lake combined with an unbreached Weald-Artois 
anticline chalk ridge in the south-west region of the lake.   
From the lines of evidence explored in this review, it is suggested that a proto-
English Channel or Dover Straits was unlikely to have existed in the Pliocene NSB. 
Therefore, it remains an unlikely premise that a southern-most connection between 
the Atlantic Ocean and the North Sea was in evidence during the Pliocene.  
Consequently, it is proposed the Pliocene NSB palaeogeography included a land 
connection between Britain and the continent of mainland Europe (Fig. 11).  This 
may have influenced the SNSB tidal systems, nutrient distribution, water depths, and 
summer stratification patterns in the Pliocene.   
Removed for copyright reasons Fig. 11: Marine Pliocene deposits in the SNSB, under the 
assumption of a relatively landlocked Pliocene SNSB (adapted from Valentine et al. 2011, 
p.10).   
 
4.3: Locations and stratigraphic context of the Pliocene marine sequences in the 
SNSB.  
The western SNSB Pliocene marine deposit investigated in the present study is the 
Coralline Crag Formation, which is located on the modern-day Suffolk coastline, UK.  
The investigation also studied Pliocene marine deposits from the eastern SNSB, 
which are located in Belgium and the Netherlands, and are the Lillo Formation and 
the Oosterhout Formation respectively (Fig. 11).  Dinoflagellate cyst assemblages 
appear to provide the most recent and complete biostratigraphical data for members 
of the Coralline Crag and Lillo Formations.  Therefore, for the duration of this 
investigation the age assessments from dinoflagellate cyst biostratigraphy (as 
described by De Schepper et al., 2008; 2009, Head, 1997; 1998) are assumed for 
the stratagraphical context of these formations.  Alternative sources of evidence are 
employed to provide a stratigraphical context for the Oosterhout Formation because 
at the time of writing this review the biostratigraphical analysis from dinoflagellate 
cyst assemblages for the Oosterhout Formation was incomplete (Fig.12).   
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Removed for copyright reasons Fig 12: The stratagraphical context for the Pliocene 
SNSB marine deposits: The Coralline Crag, Kattendijk and Lillo Formations assessments 
are based on dinoflagellate cyst assemblage data (De Schepper et al., 2008; 2009; 2010) 
and the Breda, Oosterhout and Maassluis Formations are based on echinoid indicator 
species and dinoflagellate cyst assemblages (Jagt et al., 2002), and molluscan assemblage 
data (De Meuter & Laga, 1976; Funnell, 1996). 
 
Dinoflagellate cyst assemblage evidence showed that the Lillo Formation is younger 
than the Kattendijk Formation and reflects early to late Pliocene, ~3.71 Ma to ~2.55 
Ma.  The placement of the Lillo Formation in the Belgian marine deposits was 
assessed from the recorded absence of the Kattendijk biostratigraphical indicator 
species Operculodinium tegillatum.   
Without evidence of biostratigraphically diagnostic dinoflagellate cysts, the age 
assessment of the Luchtbal Sand Member is somewhat uncertain; but the maximum 
age for this unit is proposed to be ~3.71 Ma.   
Biostratigraphically significant dinoflagellate cyst species, which include Scaldecysta 
doelenis, Destodinium wrenni, Waaslandia geminfera and Cyclopsiella 
trematophora, assisted in determining the age boundary between the older Luchtbal 
Sands Member and the younger Oorderen Sands Member.  This member is 
proposed to be no older than ~3.21 Ma, and no younger than ~2.76 Ma (De 
Schepper et al., 2008; 2009).  Further insight into the age of the Oorderen Sands 
Member was ascertained from analysis of palynomorph assemblages of upper-
sections of the Poederlee Formation completed by Louwye & De Schepper (2010).  
The Poederlee Formation is a marine Pliocene deposit located in the eastern 
Campine area of Belgium, and its upper-sections are proposed to be no younger 
than ~3.15 Ma.  The occurrence of comparable dinoflagellate cyst assemblages in 
the Oorderen Sands Member and the Poederlee Formation suggests that the 
Oorderen Sands Member can be age correlated to the Poederlee Formation;  hence, 
it may have been deposited during the mid-Piacenzian warm-interval (MPWI)  ~3.3-
3.0 Ma (Louwye & De Schepper, 2010; Valentine et al., 2011).  
Dinoflagellate cyst assemblage data and the occurrence of pollen indicators 
Sciadopitys and Taxodium indicate that the Kruisschans Sands Member of the Lillo 
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Formation is of mid-late Pliocene to pre-Gelasian age, and is older than ~ 2.58 Ma 
(De Schepper et al., 2008; De Schepper et al., 2009).  The occurrence of 
Barssidinium spp. and Tectatodinium pellitum dinoflagellate cysts in the Merksem 
Sands Member potentially provides a weak age correlation to the youngest of the 
Suffolk Crags in East Anglia, UK – the Red Crag.  
The age of the Coralline Crag Formation, as assessed from dinoflagellate cyst 
assemblages, is ~4.4 Ma to 3.8 Ma (Head, 1997; 1998).  
Analysis of echinoid indicator species, and a review of the available dinoflagellate 
cysts data completed by Jagt & Idema (2002), indicated that, the deposition of the 
Oosterhout Formation began ~5.2 Ma.  Molluscan assemblage data suggests a 
minimum age of the Oosterhout Formation as early Pleistocene, ~2.40 Ma.  
Consequently, the lowest sections of the Oosterhout Formation were most likely 
deposited prior to this and during deposition of the Kattendijk Formation (~5.2 Ma -
~4.4 Ma) and the Coralline Crag Formation (~4.4 Ma - ~3.8 Ma).  Younger sections 
of the Oosterhout Formation most likely span the time-interval of the entire Lillo 
Formation,  ~3.71 Ma to ~2.55 Ma, and the youngest sections of the Oosterhout 
Formation were most likely deposited after the Merksem Sands Member of the Lillo 
Formation (De Meuter & Laga, 1976; Funnell, 1996; Jagt & Idema, 2002). 
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Chapter 5: The Coralline Crag Formation. 
5.1: Location of the Coralline Crag.  
The Coralline Crag Formation is located near the Suffolk coast (Head, 1997).  The 
outcrop shape is elongated and as newer (younger) rocks enclose the older material, 
it is classed as an inlier.  Southwest of the inlier ridge at Ramsholt, Tattingstone and 
Rockhall Wood there are three smaller outlier structures.  The main ridge of the 
Coralline Crag runs south-west from just north of Aldeburgh to Gedgrave, UK.  The 
ridge progresses 13 km northeast offshore (Head, 1997; Balson, 1999) (See Fig 13 
for a diagram of the Coralline Crag sites).  
Removed for copyright reasons Fig. 13: The geographical occurrence of the Coralline 
Crag, and the site localities (after Balson, Mathers & Zalasiewicz, 1993) 
 
5.2: The stratigraphy of the Coralline Crag 
 
The Coralline Crag is divided into three units, which are described in Fig. 14. 
Removed for copyright reasons Fig. 14:  A stratigraphical representation of the three units 
of the Coralline Crag Formation (data from Balson, 1980) 
 
The older Ramsholt Member underlies the younger Sudbourne and the laterally 
equivalent Aldeburgh Member (Fig.15) (Balson, 1980; 1981; Balson, Mathers & 
Zalasiewicz, 1993; Balson, 1999).   
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Fig. 15: The boundary between the older Ramsholt Member and younger Sudbourne 
member at the Sutton Knoll site, Suffolk, UK  - represented as the dashed line.   
 
Balson (1983) described how deposition of the primary Coralline Crag Formation 
sediments occurred during Pliocene transgressions and how finer shoreline 
sediments were succeeded by coarser offshore skeletal sands.  The Coralline Crag 
Formation resulted from multi-stage processes. After it was deposited there were 
repeated deposition and erosion cycles, which were linked to Pliocene ocean 
transgressions and regressions (Balson, 1980; 1981; 1999).  
5.3: Geological features of the Coralline Crag Formation.   
The siliciclastic component of the Ramsholt Member is mainly quartz and the 
authigenic component is mainly glauconite.  The basal section of the Ramsholt 
member consists of a phosphate rich coarse-grained conglomerate combined with 
finer grained mud-sediment, which originated from older Miocene sands and formed 
by the process of carbonate cement degradation.  The clasts in the conglomerate 
include cemented sandstones (termed boxstones) and phosphate nodules formed 
from materials contained in the older London Clays (Balson, 1983).  
The fossil bivalve specimens for this present investigation were from the Rockhall 
Wood Pit site.  This site spans 5.4 hectares (Ha) and it is classed as a Site of 
Special Scientific Interest (SSSI).  Previous investigations into faunal assemblages 
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from the site concluded that the fauna of the Ramsholt Member consisted mostly of 
bryozoans, brachiopods and aragonite molluscs, and the younger Sudbourne 
Member contained mostly molluscs and fragmented Metrarabdotos monifera 
bryozoans (Balson, 1999).   
Shelly-muds and carbonate rich sands overlie the basal lag of the Ramsholt 
member.  Extensive bioturbation is evident in the Ramsholt member, which has 
prevented the preservation of primary sedimentary structures.  A 2009 field 
investigation of the Ramsholt Member (located at multiple sites in Suffolk) completed 
by myself, Dr Andrew Johnson (University of Derby) and Dr Peter Balson (British 
Geological Survey) revealed concentrated layers of Arctica islandica shells (Fig.16a).  
The dominance of silt-rich sediments (Fig.16b) combined with very little evidence of 
cross-bedding confirmed the assumption that low-energy conditions were evident 
during deposition of this member.  Previous research into Foraminifera, molluscan 
and dinoflagellate cyst assemblages and bryozoan zooid sizes suggest a depth 
assessment for the Ramsholt Member of 50 m or more.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16: The Ramsholt Member of the Coralline Crag located in the Sudbourne Park locality, 
Suffolk, UK, (a) the visible Arctica islandica shell layer – pen is for scale and (b) evidence of 
fine silt-rich sediments- book is for scale. 
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The younger Sudbourne Member exhibits a maximum thickness of 15 m, and it 
consists of highly-sorted carbonate sands (Balson, Mathers & Zalasiewicz, 1993).  
Notably, the Sudbourne Member displays large-scale 1-2.5 m) trough cross-bedding 
reflecting migrating megaripples (Fig. 17).  
 
 
 
 
 
 
 
 
 
 
 
Fig. 17: A photograph of the southern section of Sudbourne Member at Richmond Farm 
locality, Suffolk, UK (notebook for scale- Note the Sudbourne member demonstrated uni-
directional currents sedimentary structures, reflective of strong tidal currents encompassing 
a classic sandwave pattern. 
The presence of wide-ranging sedimentary structures and the decreased biological 
variation in the fossil assemblages of the Sudbourne Member indicate that 
deposition of this unit occurred in higher-energy environment, and potentially a 
shallower palaeoenvironment than that of the Ramsholt Member (Balson, 1983).  
The tidal current systems as represented by the cross-bedding in the Sudbourne 
Member flow show that there was potentially a southward transport of sediments 
along a tidal bank (Balson, 1999; Long & Zalasiewicz, 2011) (Fig. 18).  
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Fig. 18: A second photograph of the southern section of Sudbourne Member at Richmond 
Farm locality, Suffolk, UK (hammer is for scale). 
Dinoflagellate assemblage data provides further evidence of increased tidal current, 
rapid sedimentation, and a cooler palaeoenviroment when compared to the 
Ramsholt Member (Head, 1997).  Differentiation is also reflected in the variations 
between Sudbourne and Ramsholt Members ostracod assemblages; the Sudbourne 
Member ostracod assemblages reflect an influence of freshwater, which is not 
apparent in the fully-marine ostracod assemblages of the Ramsholt Member 
(Wilkinson, 1980).  
5.4: Detailed review of palaeotemperature evidence from the Coralline Crag 
Formation  
GCMs (which applied PRISM2 North Sea data as a boundary condition for MPWI 
palaeotemperature reconstructions) revealed that the average Pliocene North Sea 
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winter and summer SSTs were warmer than the modern North Sea seasonal 
extremes. Pliocene winter SSTs were approximated as over 10 °C (Dowsett et al., 
1991; 1999; Haywood & Williams, 2005; Haywood et al., 2007) and thus 4 °C (plus) 
warmer than the present day average SSTs. Winter SST estimations of 10 °C or 
more, and overall warmer summer SSTs imply that the Pliocene SNSB exhibited 
conditions similar to a warm-temperate climate regime unlike the cool-temperate 
climate regime as defined by Krantz, (1991), which is experienced in the present-day 
SNSB (table 4- Valentine et al., 2011).   
Removed for copyright reasons Table 4: Maximum and minimum seasonal temperatures 
expected in modern Climate regimes (after Krantz, 1991) 
 
Distinct dinoflagellate cyst assemblages are recorded in the older Ramsholt Member 
and the younger Sudbourne Member, and changes in these assemblages suggest a 
shift in marine settings from open marine to a more enclosed marine environment.  
Dinoflagellate cyst assemblages from the Sudbourne Member provide evidence for 
greater tidal currents, more rapid sedimentation, and a cooler palaeoenvironment 
relative to the warmer and the less current influenced Ramsholt Member (Head, 
1997; 1998).  The dinoflagellate assemblages exhibited contemporaneous cool- and 
warm-water indicator species in the same members.  This discrepancy reveals 
evidence of contradictions in the palaeotemperature assessments from this proxy.  
Reconstructions of Pliocene SNSB palaeotemperatures from ostracod assemblages 
suggest warmer palaeotemperatures for winter and summer seasons, when 
compared to the modern SNSB; thus, supporting the idea of a warm-temperate 
regime for the Pliocene SNSB as proposed by PRISM2 reconstructions and the 
dinoflagellate cyst assemblages (Wilkinson, 1980; Wood et al., 1993; Williams et al., 
2009; Johnson et al., 2009).  Benthic ostracod assemblage data indicates that the 
Coralline Crag winter palaeotemperatures were approximately 15 °C (Wilkinson, 
1980; Wood et al., 1993) and thus 9 °C warmer than the present-day SNSB winter 
SSTs. Benthic ostracod assemblages imply summer palaeotemperature of 20 °C 
(Wilkinson, 1980; Wood et al., 1993), 3 °C warmer than present-day summer SSTs.  
Palaeotemperature estimates from ostracod assemblages produce a seasonal range 
of 5 °C, which is 6°C lower than the modern-day seasonal SST range of 11 ˚C (Elliot, 
Clarke & Li 1991).  Palaeotemperature contradictions are apparent in the ostracod 
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assemblages; whereby, cool-water indicator species and warmer Mediterranean 
indicator species coexisted simultaneously in the same members of Pliocene SNSB 
deposits (Wilkinson, 1980).   
Planktonic foraminifera assemblages imply warmer Pliocene summer and winter 
SSTs than the modern SNSB.  Temperatures that are proposed from this proxy are 
between 10-18 ˚C (Jenkins et al., 1988; Hodgson & Funnell, 1987; Johnson et al., 
2009),  encompassing a seasonal range of 8 ˚C, which is 3 °C less than the 
seasonal range in the modern SNSB.  Planktonic foraminifera assemblages results 
support palaeotemperature interpretations as proposed by PRISM2, dinoflagellate 
cyst, and ostracod assemblages.  Despite this dominant warm-temperate signal, 
there is evidence of an unresolved mixed palaeotemperature signal, whereby cool-
water indicator species and warmer-water indicator species coexisted 
simultaneously in the same members of Pliocene SNSB deposits.  Benthic 
foraminifera assemblages show that the Pliocene SNSB palaeotemperature regime 
included cool-temperate conditions (Murray, 2008).  This evidence of cooler 
temperatures contrasts with the above evidence of warmer conditions than in the 
present-day SNSB.  
However, while the common Coralline Crag foraminifera P. mediterrarensis 
(planktonic) and Cibicides lobatulus (benthic) certainly occur at present in warm 
waters (Mediterranean Sea and Indian Ocean), they are in fact cosmopolitan 
(Wisshak & Rüggeberg 2006; Alve & Goldstein, 2010), occurring also in cool waters 
(e.g. around Norway), and so are not an infallible indicator of warm conditions during 
Coralline Crag deposition. 
Generally bryozoan assemblages demonstrate that there were warmer mean annual 
SSTs during deposition of Coralline Crag Formation than the average temperatures 
recorded in the modern-day SNSB, supporting the above evidence of warmer 
conditions, However, commonly found bryozoan species in the Coralline Crag 
Formation reveal a modern-day cosmopolitan distribution, or eurythermal 
temperature preference (Table . 5)  
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Removed for copyright reasons Table 5: Key extant bryozoans found in the Coralline 
Crag, and their modern-day environmental preferences; note the dominance of a 
cosmopolitan distribution and eurythermal preferences (adapted Balson, 1981).  
It is important to note that extant bryozoan species found throughout the Coralline 
Crag Formation, such as Cupuladria canariensis presently occur at temperatures of 
14˚C, or more, which suggests a minimum winter palaeotemperature of 14 °C for the 
Pliocene SNSB (Balson, Mathers & Zalasiewicz, 1993; Knowles et al., 2009).  
Metrarabdotos bryozoans are not only indicative of warm conditions; they are 
stenothermal, surviving only in a narrow range of ocean temperatures from the 
Mediterranean to sub-tropical (Cheetham, Rucker & Carver, 1969; Balson, Mathers 
& Zalasiewicz, 1993).  
Investigations into zooid size of Coralline Crag bryozoans (MART) which were 
completed in 2000 appear to conflict with bryozoan assemblage evidence of a 
predominantly warm-temperate regime.  The investigation suggested that cooler 
winter temperatures from 4.6 to 9.0 ˚C had occurred during deposition of the 
Coralline Crag Formation (O’Dea & Okamura, 2000).  Interestingly, these are cooler 
temperatures than are currently tolerated by Cupuladria canariensis or 
Metrarabdotos bryozoans.  Knowles et al. (2009) completed additional MART 
investigations.  These provided evidence of overall warmer palaeotemperatures in 
the Pliocene SNSB than are recorded presently there.  Palaeotemperature data from 
bryozoan assemblages and MART bryozoan zooid datasets provide yet more 
evidence of palaeotemperature discrepancies between different biological proxies 
found in the Coralline Crag Formation.   
Molluscan assemblages reveal a contradictory picture of Pliocene SNSB 
palaeotemperature evidence for contemporaneous warm-temperate and cool-
temperate conditions.  This mixed palaeotemperature signal was originally 
demonstrated by Coralline Crag molluscan assemblage investigations, which were 
completed in 1872 and 1874.  The results from these investigations identified a 
mixed palaeotemperature signal because of the contemporaneous existence of the 
boreal species Arctica islandica and the warmer Mediterranean climate indicator 
species Panopea glycimeris (Wood, 1872; 1874).  Recent investigations of 
molluscan assemblages have also confirmed this mixed signal (Raffi, Stanley & 
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Marasti, 1985; Long & Zalasiwicz 2011).  Strauch’s, (1967) investigation of size in 
the bivalve Hiatella suggested relatively warm temperatures.  
The results of oxygen isotope thermometry imply similar or only slightly cooler winter 
palaeotemperatures than now in the Pliocene Coralline Crag (3.5 °C) and analogous 
SNSB summer palaeotemperatures (16.6 °C; Johnson et al. 2009) Above all,  these 
investigations provided no evidence of a warm-temperate winter regime in the 
Pliocene Coralline Crag Formation  
 
Summary  
 The Coralline Crag Formation is a Pliocene marine deposit located on the 
modern-day coastline of Suffolk, UK.  The Formation consists of three 
Members, the oldest Ramsholt Member and the younger Sudbourne and 
Aldeburgh members.  Fossil bivalve material used in this investigation is from 
the Ramsholt Member, Rockhall Wood site.  
 An observation of finer silt-rich sediments, high bioturbation rates and a low 
degree of sedimentary structures of the Ramsholt Member during a 2009 field 
investigation; all provide evidence of a low-energy environment. Proxy 
evidence reveals a 50 m depth.  
 Palaeotemperature reconstructions for the Ramsholt Member indicate a 
mixed signal between the individual biological proxies and within the individual 
proxies themselves, which requires resolution.  
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Chapter 6: The Pliocene marine deposits of Belgium   
 
6.1: The historical context of the Belgian Pliocene marine deposits.  
 
Pliocene marine deposits are more apparent in southern Europe since erosional 
processes (related to glaciation events in the Pleistocene) removed the majority of 
Pliocene deposits from northern Europe (De Meuter & Laga, 1976; Laga, Louwye & 
Geets, 2001; Laga, Louwye & Mostaert, 2006.  Investigations of north European 
marine deposits began in the nineteenth century when quarries in the Campine area 
of Belgium temporarily exposed the outcrops.  Presently, the Antwerp Crags are 
referred to in lithotratigraphical terms as the younger Lillo Formation, and the older 
Kattendijk Formation (Dumont, 1850; Gilbert & Heinzelin, 1957; De Meuter & Laga, 
1976; Laga, Louwye & Geets, 2001; Laga, Louwye & Mostaert, 2006- See Fig. 19) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 19: Diagrammatic representation of the Lillo Formation stratigraphy, MSM is the 
Merksem Sand Member, KSM is the Kruisschans Sands Member, OSM is the Oorderen 
Sands Member, AB is the Atrina bed, BL is the Basal Layer, and LSM is the Luchtbal Sands 
Member.  
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6.2: Geography and geology of the Lillo Formation.  
 
The Lillo Formation shows evidence of serial hiatuses attributed to regional tectonic 
or eustatic sea level changes, which produced its discontinuous nature, a 
characteristic that is exhibited by most marine Pliocene deposits in the SNSB.  The 
Lillo Formation consists of typical Pliocene sediments including clay layers, yellow-
glauconite sands, and fossilised material (Marquet, 1993; De Schepper et al., 2008; 
2009; Marquet & Herman, 2009; Louwye & De Schepper, 2010).  
 
In the TK Dock locality, (see Fig. 20) four members are identified in the Lillo 
Formation: the Luchtbal Sands Member, Oorderen Sands Member, Kruisschans 
Sands Member, and the Merksem Sands Member.  These members of the formation 
represent a staged reduction in depth and palaeotemperatures (Marquet, 2004; 
Slurpik et al., 2007; De Schepper et al., 2008; 2009; Marquet & Herman, 2009).  
 
Removed for copyright reasons Fig. 20: A diagram of the Pliocene deposits located in the 
TK Dock area in Antwerp, Belgium (Adapted Laga & Louwye, 2006; Louwye et al., 2004; De 
Schepper et al., 2008) 
 
 
6.3:  Geological and palaeoenvironmental features of the Luchtbal Sands Member,  
 
The basal member of the Lillo Formation is the Luchtbal Sands Member (Fig. 21).  
The sediments of this member consist of light brown to white glauconitic shelly 
sands.  The uppermost section of the member includes a shell-rich gravel unit and 
the lower sections consist of finer grained sediments formed from shell fragments 
(Marquet, 1993; Louwye et al., 2007; De Schepper et al., 2008; 2009).  Mollusc 
assemblage data indicate that the depth of this member was 40-60 m (Marquet, 
2004).  
 
Sequence stratigraphy analysis revealed how the member exhibited lag deposits (De 
Schepper et al, 2008).  Lag deposits imply that the finer sediments may have been 
removed by tidal currents, or by a cool current travelling from the northern North Sea 
into the SNSB (De Schepper et al., 2008), or by storm activity.  The shell beds in this 
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member may represent tempesities (storm deposits) (Funnell, 1996).  The sediments 
and biota together indicate an agitated open marine environment with low turbidity. 
Removed for copyright reasons Fig. 21: A Schematic diagram of the Luchtbal Sands 
Member geology- (adapted De Schepper et al., 2008-p.94).  
 
 
6.3.1: A review of palaeotemperature evidence from the Luchtbal Sands Member 
~3.71 Ma to ~3.21 Ma  
 
Dinoflagellate cyst assemblages are less diverse than in other members of the Lillo 
Formation.  Reduced dinoflagellate species diversity and very little evidence of 
terrestrial palynomorphs suggest cool palaeotemperature conditions and increased 
currents,  and that deposition potentially occurred further offshore than in other  
members (De Schepper et al., 2008; 2009). 
 
6.4:  Geological, and palaeoenvironmental features of the Oorderen Sands Member,  
 
Stratigraphic investigations revealed an unconformity between the Luchtbal Sands 
Member and the Oorderen Sands Member, which is recognised by a distinct change 
in lithology.  The Oorderen Sands Member exhibits a number of shell layers and very 
little evidence of cross-bedding.  Therefore, deposition of the Oorderen Sands 
Member most likely occurred in a palaeoenvironment that experienced intervals of 
sea-level rise within an overall fall in sea-levels, low turbidity.   
 
Sedimentary investigations of this member showed that the basal section exhibited a 
layered construction consisting of finer grained sands (of 1 mm or less- Whittow, 
1984), interspersed with layers of shelly material (De Schepper et al., 2008; 2009).  
The fine-grained sands are generally glauconitic and there are three distinct 
condensed shell deposits (Fig. 22) formed from the bivalve Atrina mollusc group 
(Louwye et al., 2007; De Schepper et al., 2008; De Schepper et al., 2009).  Evidence 
of greater currents in the uppermost section of the Oorderen Sands Member is 
supplied by weakly cross-stratified sediments (Marquet, 2004; De Schepper et al., 
2009; Marquet & Herman, 2009). 
 
This member displays four distinct biostratigraphical units, the oldest Basal Layer, 
Atrina Beds, Cultellus layer, and the youngest Angulus benedeni layer.  A literature 
review of extant counterparts of the eponymous taxa indicated that Atrina prefers 
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relatively deep, low energy, fully marine environments, whereas Cultellus are 
proposed to reflect shallow- marine conditions.  A. benedeni is an extinct tellinid 
bivalve and related to the A. donacinus and it lives from a low tide mark down to (in 
exceptional cases) 800 m (Marquet 2005).   
 
Molluscan assemblage evidence indicates a 35 m - 50 m water depth for this 
member (Marquet, 2004; Marquet & Herman, 2009; Valentine et al., 2011).  
However, Atrina molluscs prefer fully-marine and deeper water, and at water-depths 
of 40 m or less modern Atrina bivalves have been shown to become disarticulated 
(Marquet & Herman, 2009; Valentine et al., 2011).  Therefore, since articulated 
Atrina specimens are found in the Atrina bed a 45 m depth is proposed for this 
horizon (Valentine et al., 2011).   
Removed for copyright reasons Fig. 22: A Schematic diagram of the Oorderen Sands 
Member geology- (adapted De Schepper et al., 2008-p.94)  
 
6.4.1: A review of palaeotemperature evidence from the Oorderen Sands Member, 
~3.21 Ma to ~ 2.76 Ma. 
 
Dinoflagellate cyst assemblages classify the older Basal section of the Oorderen 
Sands Member as representing a near-shore neritic environment in a warm-
temperate regime that was periodically interspersed with cooler temperature phases 
(Louwye et al., 2007; De Schepper et al., 2009; Valentine et al., 2011).   
 
The high number of warm-water indicators recorded in the molluscan assemblages 
in the lower horizons supports the idea of warm-temperate conditions during the 
early deposition of this member.  Molluscan assemblage data from younger horizons 
suggest a stepwise cooling culminating in a glacial/interglacial boundary at ~2.6 Ma 
(Marquet & Herman, 2009).  
 
Oxygen isotope thermometry of bivalves from the Oorderen Sands indicates a cold-
temperate regime throughout the Oorderen Sands Member (Valentine et al., 2011).  
 
6.5:  Geological, and palaeoenvironmental features of the Kruisschans Sands 
Member 
 
Sedimentary investigations of the Kruisschans Sands Member established that this 
member consisted of medium-grained sediments of a green-grey colour.  The 
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member exhibited regions of alternating sands and clays, and areas of coarser 
glauconite-rich sediments (Fig. 23).  There is evidence of bioturbation and greater 
volumes of clay in the upper sections, which suggests a low current strength, 
occurred during deposition of the younger sections (Louwye et al., 2007; De 
Schepper et al., 2008; Marquet & Herman, 2009).  
 
Depth assessment from benthic foraminifera assemblages suggests depths of 15 m 
to 70 m (De Schepper et al., 2008), mollusc assemblage data implies a depth of 20 
m to 60 m  (Marquet & Herman, 2009) and a much shallower depositional 
environment is indicated from fossil dinoflagellate cyst assemblages (De Schepper et 
al., 2008; 2009).  However, dinoflagellate cyst assemblages may only provide 
evidence of the surface conditions since planktonic dinoflagellate cysts are found in 
the assemblages.  Additionally, the records of multiple grain sizes, which includes 
fine-grained material combined with the high-rate of bioturbation argues against a 
shallow-water depth for this member, consequently a water depth of 40 m is 
proposed.   
Removed for copyright reasons Fig. 23: A Schematic diagram of the Kruisschans Sands 
Member geology- (adapted De Schepper et al., 2008-p.94)  
 
 
6.6:  Geological, and palaeoenvironmental features of the Merksem Sands Member, 
Lillo Formation. 
 
Investigations of the Merksem Sands Member composition confirmed that the 
sediments consisted of yellow to red-brown fine-grained sands, and grits (Fig. 24).  
Greater numbers of terrestrial microfossils are recorded in this member, when 
compared to the other members of the Lillo Formation (De Schepper et al., 2008; 
Marquet & Herman, 2009).  A shallow depth for the Merksem Sands Member of 15 
m or below is assumed, since this water depth assessment is consistent with the 
aforementioned evidence that this member was deposited in close proximity to land, 
and also is consistent with evidence that shows how the members of the Lillo 
Formation represent a stepwise reduction in water-depths over time.  
 
Removed for copyright reasons Fig. 24: A Schematic diagram of the Merksem Sands 
Member geology- (adapted De Schepper et al., 2008-p.94) 
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6.6.1: A review of palaeotemperature evidence from the Kruisschans Sands Member 
and Merksem Sands Member, Lillo Formation  
 
Palaeoenvironmental analysis of the Kruisschans Sand Member is limited.  
Dinoflagellate cyst and pollen assemblages provide evidence of temperate and 
tropical climate regimes during the deposition of this Member (De Schepper et al., 
2008).  Contrastingly, high-numbers of cold-water indicator species in molluscan 
assemblage data suggest cooler temperatures.  The cooler palaeotemperature 
signal may be representing cooler phases interspersing an overall warm-temperate 
regime, and analogous to the conditions recorded in the Oorderen Sands Member 
(Marquet, 1993; De Schepper et al., 2008; 2009). 
 
Primarily, warm-indicator pollen species are evident in the Merksem Sands Member, 
reflecting warm-temperate conditions.  Greater numbers of cool-indicator 
dinoflagellate cysts are evident in the younger sections of the Merksem Sands 
Member, when compared to older sections of this Member (De Schepper et al., 
2008; 2009).  Molluscan assemblages indicate evidence of cold palaeotemperatures 
in the upper part of the Member (Marquet, 2004).  Dinoflagellate cyst assemblages 
suggest that deposition of the Kruisschans Sands and Merksem Sands members 
occurred prior to the Pleistocene Glaciation (De Schepper et al., 2008; 2009).  It is 
likely that the cooler conditions recorded in molluscan fauna may mark the beginning 
of a climatic downturn, which occurred prior to the start of the first Pleistocene ice 
age (Slurpik et al., 2007, De Schepper et al., 2008; 2009).  
 
Chapter Summary  
 The Lillo Formation overlays the older Kattendijk Formation, and is formed 
from four members.  The oldest member is the Luchtbal Sands Member, 
followed by the Oorderen Sands Member, the Kruisschans Sands Member, 
and the youngest Merksem Sands Member  
 Previous proxy analysis of the Luchtbal Sands Member suggested a 40 m 
plus depth and low-strength current activity during its deposition. 
 The Oorderen Sands Member consists of four specific biostratigraphical units 
the (oldest) Basal Layer, Atrina Beds, Cultellus layer, and the youngest 
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Angulas benedeni layer.  The upper sections of this member exhibit a greater 
influence from current systems, and a suggested depth of 45 m  
 The Kruisschans Sands Member shows evidence of a low-energy 
depositional environment, and depths of 40 m or below.   
 The Merksem Sands Member is the shallowest member, with a proposed 
depth of 15 m or less. 
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Chapter 7: the Pliocene marine deposits of the Netherlands 
 
7.1: Geography and geology of the Oosterhout Formation  
 
Investigations of borehole material from the Netherlands revealed how the Breda 
Formation is overlain by the younger Oosterhout Formation which itself underlies the 
younger Maassluis Sands (De Meuter & Laga, 1976; Funnell, 1996; Wijnker et al., 
2008) 
A review of borehole material by Bakel et al., (2009) from multiple locations 
(including Langenboom- Noord Brabant, Reusel and Sprudel) demonstrated that the 
sediments of the Oosterhout  Formation (see Fig. 25) consist of well-sorted shell and 
glauconite-rich sands that  are interspersed with silty clay-rich sediments (Huismann 
& Kiden, 1998; Jansen et al., 2004; Slurpik et al., 2007; Wijnker et al., 2008; Bakel et 
al., 2009).  The formation’s chronostratigraphical context is less complete than other 
Pliocene marine deposits.   
 
Investigations of molluscan assemblages showed distinct assemblages at the 
boundary between the deeper Oosterhout Formation and the younger, shallower 
Maassluis Sands.  Additional molluscan assemblage data (from borehole material 
located at Langenboom, Noord Brabant, Netherlands) further supported the 
hypothesis of deeper water in older sections of the formation and shallower 
conditions of approximately 15-20 m in the younger sections of the formation 
(Huismann & Kiden, 1998; Jansen et al., 2004; Wijnker et al., 2008; Bakel et al., 
2009).  A gradual shallowing of the SNSB over time is recognised in this formation 
(Funnell, 1996) which corresponds to the stepwise depth reduction as implied for the 
Lillo Formation. 
 
Removed for copyright reasons Fig. 25: A Schematic diagram of the Netherlands 
marine geology (adapted Wijnker et al., 2008 pg. 170).  
 
7.2 Palaeotemperatures of the Oosterhout Formation: a review.  
  
When reviewing palaeotemperature evidence for this formation a limitation exists 
because of its incomplete stratigraphical context, consequently only a basic 
chronological framework is used: that of upper or younger sections, and lower or 
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older sections.  There is evidence of a mixed palaeotemperature signal throughout 
sections of the formation, which is described below.   
 
Analysis of borehole material from older sections confirmed that only low 
concentrations of sodium-rich feldspars are found in the sediments, which suggested 
high-weathering rates.  This provided indirect evidence of warm temperatures, which 
would be required to promote the elevated weathering in the region.    
 
Molluscan fauna assemblages from upper-sections suggested cooler marine 
conditions because of the occurrence of the cool-water indicator species Neptunea 
ungulate (Funnel, 1996).  Interestingly, the molluscan assemblages exhibit evidence 
of contemporaneous mollusc species with contrasting thermal preferences.  For 
example, the cool-water indicator species Arctica islandica coexisted with Glossus 
humanus.  This species currently exhibits a cosmopolitan distribution, since they are 
found in the modern western North Sea and in the Mediterranean (Jeffereys, 1863; 
Yonge, 1946; Wijnker et al., 2008).  
 
Dinoflagellate cyst assemblages indicated warm-temperate to sub-tropical 
palaeotemperature regimes, whereas the results from oxygen isotope thermometry 
of six aragonitic bivalves (from the same borehole material) provided evidence of 
cooler winter temperatures from between 4.5 °C to 8.3 °C (Wijnker et al., 2008). 
 
Chapter Summary 
 The Oosterhout formation stratigraphical context is less complete than 
other Pliocene Marine deposits.   
 Biological proxy data from older sections indicate deeper water than is , 
suggested by proxies from younger sections of  the formation  
 A gradual shallowing of the SNSB over time is recognised in Oosterhout 
Formation assemblages.  This shallowing parallels the stepwise depth 
decrease implied by assemblage data from the members of the Lillo 
Formation.  
 
 
 
101 
 
Chapter 8: Materials 
8.1: Describing skeletal growth in bivalve organisms. 
The soft body parts of bivalve invertebrates are encased in shell material formed 
from calcium carbonate (CaCO3) that can consist of calcite, aragonite, or a 
combination of these minerals.  Bivalve shell material consists of three distinct layers 
including an uncalcified organic-rich periostracum layer, an outer calcified layer 
consisting of aragonite or calcite minerals, and an inner calcified layer.  Secretion of 
bivalve shell material occurs when the outermost edge of the mantle (a thin-tissue 
membrane) deposits CaCO3 at the shell margin in the form of lamellae.  When 
growth occurs, the mantle underneath the shell edge secretes a new lamella lying 
below, and extending beyond, the previous lamella, resulting in observable growth 
striae on the shell surface (Fig. 26). 
 
Removed for copyright reasons Fig. 26: A diagram of the shell secretion process in 
bivalves (Adapted Hickson et al., 1999, p.38)   
 
 
Shell deposition occurs in the extrapallial fluid (EPF) which is contained in the extra-
pallial space (EPS).  The EPS is located between the shell and the mantle.  The 
pallial muscle of the bivalve separates the EPF so that the internal secretion of shell 
material occurs in two parts inside and outside the pallial line.  Consequently, inner 
shell material may exhibit influence from internal sources of carbon or oxygen.  An 
investigation, which aimed to identify if Aequipecten opercularis utilised internal 
sources of oxygen and carbon during its shell secretion process, prompted the 
proposal of the pteriomorph shell calcification model Fig. 27 (Hickson et al., 1999)   
 
 
Removed for copyright reasons Fig. 27: The Pteriomorth shell calcification model 
(Adapted Hickson et al., 1999, pg. 335). 
  
An additional hypothesis formulated from investigating Pinna fragilis proposed that 
the thinness of the periostracuim allows passive transport of bicarbonate (HCO3-) 
and calcium (Ca2+) ions from the ambient seawater into the EPF during the shell 
secretion process,  and this provides a mechanism for how the outer shell is 
secreted in isotopic equilibrium with the surrounding seawater (Freitas et al., 2005).  
The two models imply that isotopes from outer shell are most likely to represent the 
isotopic composition of the ambient seawater; therefore any isotope samples must 
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be extracted from the outer shell material instead of inner shell material to provide an 
accurate assessment of the environmental features experienced by an organism as 
it grew.  
 
8.1.2: Growth halts in the shell secretion process 
When an organism retracts its mantle and begins to close its valves it results in a 
growth halt.  If the valves are closed the bivalve’s aerobic respiration changes to 
anaerobic respiration and results in the production of succinic acid (dicarboxylic acid- 
C4H6O4).  The C4H6O4 then leaches into the EPF and the bivalve responds by 
dissolving its alkaline shell material to neutralise the C4H6O4.  This action reduces or 
stops the shell secretion process, and generates a growth break in the microgrowth 
increment record (Crenshaw, 1972; Goewart & Surge, 2008).   
 
In cold-temperate environments, bivalves may produce yearly growth breaks in 
winter when temperatures become too cold for shell secretion, and summer growth 
breaks are recorded in bivalves from warm-temperate and tropical regimes when 
temperatures are too warm for shell secretion.  Notwithstanding the results from 
early investigations of bivalve growth rates relating growth to temperature (Broom & 
Mason, 1978), recent investigations imply that growth rates are in fact influenced by 
multiple factors.  Faster metabolic rates and greater food availability are shown to 
increase growth rates in bivalves  (Broom & Mason, 1978), whereas reductions in 
food supply, the action of predators (Goodwin et al., 2001), spawning activity 
(Heilmeyer, et al., 2004),  storms, and increased sediment flow (Briceij & Shumway, 
1991) all inhibit  growth rates in bivalves.  The sensitivity of the bivalve to act as a 
‘bio recorder’ to the variable features of the environment (Schöne et al., 2002) 
reduces the calibration between increment width profiles and a single variable such 
as temperature (Schöne et al., 2002; Schöne & Surge, 2005; Miyaji, Tanabe & 
Schöne, 2006).  Growth increments often become increasingly narrow in older 
specimens and therefore individual microgrowth increments become harder to 
identify and increasingly difficult to measure (Stevenson & Dickie, 1954, Merrill & 
Ropes, 1969; & Krantz, Jones & Williams, 1984;  Jones et al., 1984; Jones, Arthur, & 
Allard, 1989).  Additionally, microgrowth increment measurements exhibit a noisy 
signal.  This noise can be removed by applying a mathematical process such as a 
low-pass filter (Schöne  & Giere, 2005; Schöne et al., 2005)  or by implementing a 
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multiple-point averaging tool to the raw data, which highlights the main signal in the 
growth increment record (Buchwitz, 2004).  
 
8.3: Feeding behaviours and diets of suspension feeding benthic bivalves. 
Bivalves extract suspended and resuspended organic material from the surrounding 
seawater by filtration using the gills, which act as nets trapping particles of organic 
material.  Traditionally, suspension-feeding bivalves, (for example Aequipecten 
opercularis and Pinna fragilis) were classed as herbivores since these species were 
thought to consume only phytoplankton.  Despite this assumption,  a review of 
investigations which studied the stomach contents of these species revealed how 
they commonly ingest copepod zooplankton, crustacean and bivalve larvae, 
dinoflagellates, diatoms, algal spores, and mineral salts; showing that they are not in 
fact herbivores (Lehane & Davenport, 2002).    
 
An additional food source for suspension feeding bivalves is particulate organic 
matter (POM).  POM is ingested in the form of resuspended detritus material and 
studies of Croatian P. fragilis stomach contents revealed that a high percentage of 
their diet consisted of resuspended detritus material (Aranvindakshan, 1955; Bayne 
& Newell, 1983; Lehane & Davenport, 2002; Davenport et al., 2011).  Further studies 
revealed how a number of bivalve species exhibit a seasonal cycle in the types of 
food consumed; for example, A. opercularis are shown to substitute zooplankton for 
phytoplankton in their diets in seasons that exhibit low reserves of phytoplankton, 
which typically is the winter season in the northern hemisphere (Hunt, 1925; Briceij & 
Shumway, 1991). 
8.4: the energy balance and scope for growth in bivalves.   
In order to survive an individual bivalve must maintain its energy balance.  This 
energy balance is expressed as an equation between the energy available from food 
supplies, and the energy losses from metabolism, growth, and gamete production.   
 
The energy balance of an organism is expressed by the following equation 8: 
described by Bayne & Newell (1983): 
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(Equation 8) 
 
C =Pg+Pr+ R+F+U 
 
Where C= consumption is the total energy obtainable from a food consumed by an organism 
minus deficits including, R= energy loss from metabolic heat, Pg= energy loss from growth 
and other somatic processes, Pr the energy loss from reproduction, F= the energy loss from 
faeces and U= the energy lost in urine and mucus excretion (Bayne & Newell, 1983; p.g 
408).  
 
In order to sustain its energy balance, or maintain a surplus of energy, thus providing 
additional energy for growth and maximising chances of its survival in a shifting 
environment, a bivalve constantly alters its behaviour through adaptive responses.  
Adaptive responses are prompted by changes in the environment; examples include 
the organism varying its growth and feeding rates in order to compensate for 
changing sea temperatures (Warren & Davis, 1976; Bayne & Newell, 1983). 
 
8.4.1: How environmental factors influence growth rates in molluscs 
Investigations of live-collected scallops from Lowestoft, UK, suggested how 
temperature variations influenced metabolic rates.  This study demonstrated that in 
water temperatures of 10 °C or more the bivalves ingested more food as a direct 
response to their faster metabolic rates, which resulted in rapid growth.  
Comparatively, in cooler water temperatures of below 10 °C, food intake, growth 
rate, and metabolic rates became depressed,  and in temperatures of 18 °C or more 
the bivalves exhibited stress behaviours,  and a decline in feeding and growth rates.  
From this it was proposed that the bivalves respond to seasonal temperatures 
variations by a metabolic ‘switch’,  which alters feeding and growth rate behaviours,   
and it is these ‘switches’ in behaviour that allow the bivalves to exhibit all-year 
growth (Laing 2002).   
 
A further investigation described how bivalves alter their behaviours to maintain a 
suitable energy balance during short-term and long-term temperature variations 
(which are still in a species temperature tolerance range), termed thermal regulation.  
The study identified two types of thermal regulation (i) thermal acclimatisation, 
whereby an organism slowly modifies its energy balance as a response to long- 
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term, annual or interannual temperature variations, and (ii) seasonal acclimatisation, 
which requires rapid changes in behaviour to maintain an efficient energy balance 
during shorter-term changes in temperatures (Bayne & Newell, 1983).  Nonetheless, 
any adaption to survive in temperatures outside of a preferred range is unlikely, 
since bivalves exhibit species-specific physiological constraints related to an 
optimum range of temperature tolerance (Bayne and Newell, 1983).   
 
Food availability is a major factor influencing growth rate of bivalves and a greater 
food supply often equals increased growth because of the greater energy supply 
being available to an organism for its metabolic and somatic processes (Witbaard, 
1996).  The volume of organic matter advected into the benthic zone also influences 
their food supplies.  However, different food types appear to exhibit different energy 
characteristics and previous studies have revealed how suspended phytoplankton 
provides a greater energy source for bivalves than resuspended organic detritus 
(Schöne et al., 2002).   
 
8.5: Stratification and food supply  
The detailed review of Pliocene SNSB formations provides evidence of 
circumstances that may have allowed the development of a stratified water body in 
summer, including water depths of 40 m or more, and a reduced agitation of the 
water column.  The formations that potentially exhibited summer stratification include 
the Ramsholt Member, Coralline Crag Formation, and the Luchtbal Sands Member, 
Oorderen Sands Member; Atrina Bed layer, and the Kruisschans Sands Member of 
the Lillo Formation.  The proposed water depth of 15 m for the Merksem Sands 
Member is too shallow to allow development of summer stratification.  The older 
sections of the Oosterhout Formation may have also exhibited summer stratification, 
whereas the younger and shallower sections of the Oosterhout Formation are 
unlikely to have developed a stratified water body.  
Stratification has an influence on the food supply to bivalves.  Phytodetritus, which is 
an important additional food source for benthic organisms, is largely controlled by 
instances of phytoplankton blooms, and in stratified waters, detritus influx exhibits a 
highly episodic pattern.  A seasonal influx of phytodetritus provides an important 
source of food for benthic suspension feeders (particularly in winter), and it affects 
106 
 
the diversity patterns in benthic communities.  Consequently, opportunist benthic 
feeders may exhibit greater growth in winter, when this food supply becomes 
available when the water column becomes mixed during the breakdown of the 
summer thermocline (Billet et al., 1983; Sun, Lu & An, 2006; Corliss et al., 2009).   
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Chapter 9: Introduction to the bivalve species investigated in this study 
9.0: Bivalves an introduction. 
 
Investigations of modern bivalve species including Aequipecten opercularis (Hickson 
et al. 1999; Hickson et al. 2000; Heilmeyer, Broy & Portner,  2004), Arctica islandica
  
(Schöne et al. 2005; Schöne & Fiebig, 2009; Foster et al. 2008; 2009) and Pinna 
fragilis (Kennedy et al. 2001; Freitas et al. 2005) reveal that shell secretion in these 
species occurs in equilibrium to ambient seawater, and that growth occurs in winter 
and summer.  The increments produced throughout the growth of A. opercularis and 
A. islandica act in the manner of tree rings or like the coral growth-bands, and this 
physical feature of these bivalves highlights their biological suitability for physical 
microgrowth increment analysis (Jones et al., 1984; Jones, Arthur & Allard, 1989).  
Accretionary analysis of shell material throughout an organism’s growth permits an 
understanding of the palaeoenvironmental circumstances, and how growth rates 
alter as a response to the palaeoenvironmental conditions experienced by the 
organism during its lifespan (Schöne et al., 2005; Goodwin, Cohen, & Roopnarine, 
2010).  In combination, these allow these bivalves to be important markers of the 
environmental setting they existed in (Goodwin et al., 2001).   
 
9.1: Aequipecten opercularis: an introduction. 
 
Alongside the characteristics described above, Aequipecten opercularis (Queen 
Scallop) fossils are readily available throughout the marine formations of the 
Pliocene SNSB, which provides a suitable rationale for why fossil A. opercularis taxa 
provides the focus for analysing Pliocene SNSB seasonal palaeotemperatures in this 
investigation.   
 
9.1.2: Biological characteristics of the A. opercularis bivalve.  
A. opercularis is a relatively rapidly growing bivalve and during its first year of 
growth, its shell height may measure up to 40 mm.  A fully-grown adult ranges from 
60 mm to 90 mm in shell height.  This species exhibits summer and winter growth, 
and has a life expectancy of six to ten years.  A. opercularis display an extensive 
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geographical distribution, from the cool waters of the North Sea, North Norway, the 
southern Faroes, Iberian Peninsula, to the warmer waters of the Azores and the 
Mediterranean Sea (Tebble, 1976).  Studies that investigated temperature 
preferences revealed how this species can survive in temperatures from 4 °C-24 °C.   
 
Research has shown that boreal A. opercularis communities are predominantly 
located at water-depths from 11 m to 165 m (Jeffereys, 1863; Broom & Mason, 
1976), whereas Mediterranean A. opercularis are located from 1 m to 250 m 
(Bucquoy, Dautzenburg & Dolfus, 1887; Ursin, 1956).  A recent study of A. 
opercularis concluded, however, that the largest communities thrived in water depths 
of 27.4 m to 45.7 m, regardless of location (Minchin, 2003).  The organisms can 
survive on fine sediments (for example, sandy-muds), and in much coarser 
sediments including sandy gravels and shelly material (Rolfe, 1973; Tebble, 1976; 
Broom & Mason, 1976; Hickson et al., 1999; Johnson et al., 2000; Minchin , 2003).   
 
9.1.3: Shell characteristics of A. opercularis bivalves.  
A. opercularis shell material consists of two calcite valves and the disks of each 
valve are roughly equilateral.  The valves of this species are biconvex the left valve 
exhibiting a greater convexity than the right valve: see Fig. 28, which describes the 
basic morphology of an A. opercularis shell.  The valves exhibit 19-22 ribs that 
radiate from the umbo to the shell margin and they show evidence of the striae 
(microgrowth increments) formed during shell growth as ring-like structures on the 
outside of the valves.  The colour of A. opercularis valves is variable and includes 
red, yellow, orange, purple and pink pigmentation and occasionally mottling and 
blotching patterns (Waller, 1969; Broom & Mason, 1976; Tebble, 1976; Christensen 
& Dance, 1980; Minchin, 2003). 
Removed for copyright reasons Fig. 28: The basic morphology of an A. opercularis 
bivalve data from Tebble, (1976).   
 
The shell material is hydrodynamic and lightweight, and this allows this species to 
exhibit a swimming response in order to escape from predator attacks.  Long-
distance migration is unlikely because of the limited time-duration that this species 
exhibits this response.  Additional physical characteristics of A. opercularis shell 
material are the anterior and posterior disk gapes; therefore the valves of this 
species never fully close, and consequently, dehydration rapidly occurs if this 
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organism is removed from the marine environment (Waller, 1969; Broom & Mason, 
1976; Tebble, 1976; Christensen & Dance, 1980; Minchin, 2003) 
 
9.2: Arctica islandica:  an introduction. 
A. islandica is often termed the Ocean Quahog.  It is the longest-living non-colonial 
species known to science with reported age-spans of over 400 years.   
An extensive review of the past and current literature revealed the biological and 
environmental characteristics of this species (Nicol, 1951; Loosaroff, Davis & 
Chanlet,  1953; Zatsepin & Filatova, 1961; Taylor & Brand,  1975; Thompson, Jones 
& Dreibelbis, 1980; Mann, 1982; Popre & Goto, 1993; Kennish et al. 1994; Witbaard, 
1996; Minchin; 2003; Witbaard & Bergman, 2003; Epple et al., 2006; Kilada, 
Campana & Roddick, 2007; Foster et al., 2009; OSPAR, 2009; Ridgeway & 
Richardson, 2011).   
9.2.1:  Biological characteristics of the Arctica islandica bivalve.  
 
A. islandica is an infaunal, fully-marine benthic bivalve, which spends the majority of 
its lifespan (excluding its planktonic and egg stages of development) buried in 
sediments.  It is a non-selective suspension feeder and its short siphons remain in 
direct contact with the seawater, which allows the organism to filter particles of food 
even when it is buried.  Examples exist of modern A. islandica living at water depths 
from 6 m to 482 m; however, the water depths that this species thrives in are from   
35 m to 75 m.   
 
A. islandica exhibits a relatively slow growth rate and for the first 20 years of life it 
grows ~2.0 mm per year, and from 50 years its growth rate declines to ~0.5 mm per 
year.  Fully-grown A. islandica may measure 100 mm in length and 85 mm in height.  
Although, A. islandica can exhibit winter growth breaks the species is principally 
adapted to exist in cooler-water temperatures representative of boreal, cold 
temperate and temperate climate regimes.  It exhibits a wide latitudinal distribution 
from 35 ° N - 70 ° N, and is located in the North Atlantic Ocean, North Sea, Irish Sea, 
White Sea, and the Baltic Sea.  A. islandica rarely live in water temperatures above 
16 °C, and at sea temperatures of 20 °C (or more) they rarely survive.  The optimum 
temperature range for its survival is from 6 ° C to 16 ° C.  
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Along with temperature constraints on the growth rates of A. islandica, freshwater 
inflow and resultant salinity changes may depress its growth given that this species 
exhibits a narrow salinity tolerance range of 32-35 psu.   
 
During spawning, the shell secretion process either declines or ceases completely. 
The age at which A. islandica reaches sexual maturity may vary dependent on 
location.  It is from 4 -14 years in organisms from the eastern United States 
coastline, whereas Canadian A. islandica reach sexual maturity much later at 30 
years or more.  Spawning generally occurs from June to October.  Spawning may 
also occur in May and January and suggests that A. islandica may exhibit multiple 
spawning events in a single year.    
 
This species can survive in coarse-grain sediments, including gravels, and fine-grain 
sands and muds.  A. islandica exhibits a high-tolerance to anoxic environments.  Its 
survival in anoxic environments is connected to how this species adapts its 
respiration processes during intermittent events of complete burial provoked by 
storm events, or predator attacks.  If complete burial occurs, it fully closes its valves 
and switches from aerobic respiration to anaerobic respiration allowing it to survive in 
low-oxygen environments.   
 
9.2.2: Shell characteristics of A. islandica bivalves.  
The shell material of A. islandica consists of two thick aragonite valves.  The shell 
material exhibits a three-layered structure, including an outer aragonitic prismatic 
layer, an inner aragonite nacre layer, and a thin pallial myostracum.  The pallial 
myostracum acts as a division between the inner and outer shell layers (Haywood, 
Wigham & Yonow, 1990; Foster et al., 2008; Karney et al., 2011).  The basic 
morphology (Fig. 29) as reviewed by Haywood, Wigham & Yonow, (1990), revealed 
prominent umbones, and that the posterior of the shell is somewhat larger than the 
anterior.  The umbones display a curvature to the anterior and the left and right 
valves exhibit three cardinal teeth (Haywood, Wigham & Yonow, 1990).  
 
 
 
 
111 
 
 
 
Removed for copyright reasons Fig. 29: The basic morphology of an A. islandica bivalve 
data from Brey et al., (1990). 
 
 
Juvenile species exhibit a golden brown coloured periostracuim, whereas more 
mature specimens possess a black periostracum.  The colour difference occurs 
because the older shell-material provides a suitable medium and sufficient time for 
the deposition of iron on to its surface.  The colour of the shell material of A. 
islandica varies from white to light brown (Brey et al., 1990).    
 
9.3 Pygocardia rustica an introduction 
Pygocardia rustica is described as an extinct relative of A. islandica (Boekschoton, 
1967). Previous authors have investigated P. rustica specimens from the Pliocene 
Tjörnes Beds in Iceland, and seeing that A. islandica co-existed with this species, the 
environmental preferences for the extinct P. rustica have been extrapolated from the 
A. islandica preferences.  Therefore in all probability P. rustica was a shallow 
burying, infaunal, sub-littoral species, which preferred non-extreme salinities. The 
Pliocene distribution included sub-arctic waters to Lusitanian environments, which 
correspond to present-day Portugal (Bùggild, 1930; Buchardt & Simonarson, 2003), 
consequently, it is likely that P. rustica exhibited a cosmopolitan distribution 
 
The shell structure of P. rustica is comparable to the shell configuration of A. 
islandica, and consists of two thick aragonite valves with the posterior section larger 
than the anterior (Fig. 30).   
 
Removed for copyright reasons Fig. 30: Basic morphology of a Pygocardia rustica data 
from Bùggild, (1930); Buchardt & Simonarson, (2003).   
 
9.4 Atrina fragilis an introduction 
Atrina fragilis are marine benthic bivalves commonly known as Fan Mussels.  Atrina 
is related to Pinna (Carter, 1990; Dauphin, 2003).  A. fragilis distribution includes 
Britain, Scotland, south-west Cornwall, the Iberian Peninsula, Bay of Biscay, the 
Atlantic coast of Spain, and the Portugal coastline (Hiscock et al., 2005), and 
appears to exhibit a cosmopolitan distribution.  
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9.4.1 Biological, environmental characteristics of Atrina fragilis 
A. fragilis are large bivalves, and modern examples from the North Sea have 
measured over 480 mm in height (Histock et al., 2012).  Rapid growth rates are 
recorded in the species of approximately 30 mm to 40 mm per year, which may 
account for its large size (Butler, Vincente & Gaulejac, 1993).   
 
Atrina are semi-infaunal suspension feeding bivalves, which exhibit a planktonic 
larval stage of development that lasts 5-10 days.  After this period, the species 
spends the rest of its life immobile half-buried in the ocean substrate, and if it is 
exhumed it is often unable to rebury itself.  Up to a third of its shell material is buried 
and the posterior end exhibits a wide valve gape that allows for the filter feeding 
process (Tyler-Walters & Wilding, 2009).   
 
Atrina are able to survive in muds and sands, but the genus thrives in sea-grass 
meadows, and current declines in numbers have been linked to reductions in sea-
grass environments.  They prefer relatively offshore settings within enclosed 
embayments.  They thrive in areas of weak tidal currents (< 1 ms-1) because their 
shell material is fragile it is often broken (Valentine et al., 2011).  The salinity 
tolerance range of this organism is relatively wide and from 30-40 psu (Tyler-Walters 
& Wilding, 2009).  Its age range is 10-12 years (Hiscock, 2005). 
 
 
9.4.2: Shell characteristics of Atrina bivalves   
 
A. fragilis is a pteriomorphid bivalve and it exhibits a dual shell mineralogy, which 
consists of an outer calcite layer that exhibits a monocrystalline structure, whereby 
each calcite crystal is bounded by an organic wall, and an inner aragonitic nacre 
layer (Dauphin, 2003).  Prismatic material is often located along the shell margins.  
Both this prismatic and the outer organic rich shell material allows the flexibility of the 
shells, which permits the ventral margin to be closed whilst the upper posterior 
section of shell remains open.   
 
The inner shell layer consists of a much thinner nacreous aragonite layer (Bùggild, 
1930; Carter, 1990; Currey, 1990; Crenshaw, 1990; Kennedy et al., 2001; Dauphin, 
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2003; Richardson, 2004; Freitas et al., 2005; Farre & Dauphin, 2009).  The shell of 
Atrina fragilis exhibits a triangular shape, and the dorsal margin is straight and this 
species exhibits no evidence of cardinal teeth on either valve (Tyler-Walters & 
Wilding, 2009).   
  
Annual growth lines do not occur on the outside of the shell; therefore, age 
approximation is obtained from counting the number of adductor muscle scars 
formed during  yearly growth on the inner aragonite shell layer – see Fig: 31 for the 
basic morphology of the A. fragilis species (Kennedy et al., 2001).  There may be a 
limitation associated with analysing internal annual adductor scars for age 
approximation since deposition of the aragonite nacre produces a thick structure 
which can disguise sections of the muscle scar record (Richardson, 2004).  The final 
stage of shell production is the secretion of the inner aragonite nacre, and the colour 
of this shell material may be yellow, light brown or dark brown (Tyler-Walters & 
Wilding, 2009; Farre et al. 2011).  
 
Removed for copyright reasons: Fig. 31: Basic morphology of Atrina fragilis (after Tyler-
Walters & Wilding, 2009) 
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Chapter 10: Introducing the current techniques applied for recognising 
diagenesis of fossil material  
 
10.1: Introduction  
 
Once any abrasion or boring of the external surface of the shell has been 
discounted,  it is important to investigate the microstructure of the material since,  
recognising any changes can assist in detecting  post-depositional diagenesis.  
 
10.1: The Scanning Electron Microscopy (SEM) technique. 
 
A primary tool used for analysing shell microstructure is the Scanning Electron 
Microscopy (SEM).  SEM counteracts key limitations of light microscope analysis by 
employing higher magnification, increased depth of field, and a greater image 
resolution (Knoll 1935; Sandberg & Hay, 1967).  This permits the analysis of very 
fine microstructural changes in the fossil shell material.   
 
The process involves the scanning of a sample using a focused beam of elections.  
The elections are ‘beamed’ out of an electron gun towards the sample, and they are 
then focused using pairs of condenser lenses.  The electrons in the sample then 
interact with the electrons contained in the beam, which produces a distinct signal.  
The signal is then redirected in an x-y position towards detector lenses.  The signal 
is collected using a raster scanning system, which involves scanning of the sample 
in horizontal strips from left to right, and in a downward direction.  The results of the 
scan are then recorded as single-signal response per pixel.  This produces a grey 
and white SEM image to a resolution greater than 1 nanometre (µm) (McMullan, 
1995).  The SEM process is described in Fig. 32.   
 
Removed for copyright reasons: Fig. 32: A schematic diagram of a SEM adapted from 
McMullan, (1995). 
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10.2 Carbonate Staining: Dickson Staining Test.  
 
The Dickson Staining technique allows microstructures in fossil shell material to be 
observed in fine detail.  Furthermore, the test is very sensitive to trace elements 
(including ferrous iron and manganese) and detecting these elements is of specific 
importance, since any indication of them in a sample may suggest post-depositional 
diagenesis.  The trace elements are recorded as distinct stained colour responses 
(in the fossil CaCO3 material) during the staining process.  
 
Prior to any staining thin sections (30 μm) of the fossil material must be prepared. 
These are then polished and etched using warm 1.5% diluted hydrochloric acid (HCl) 
for 10-15 seconds.  The etching process is important, since the time it takes for 
specific polymorphs of CaCO3 to etch is variable.  Identifying the degree of etching in 
a CaCO3 sample provides an additional tool in recognising specific minerals that may 
be present (Dickson, 1965; 1966).   
  
The Dickson staining method involves alizarin red-s solution (ARS) and potassium 
ferricyanide (PF) combined, and finally a second staining with ARS solution only 
(Dickson, 1965; 1966).  The staining process requires the previously etched thin 
sections to be immersed for 45 seconds in a solution consisting of 0.2 g ARS and 2.0 
g PF per 100 cc 1.5 % HCl.  The second stage involves the rinsing of the samples in 
distilled water, and then they are reimmersed for 15 seconds in a solution of 0.2 g 
ARS per 100 cc of 1.5% HCl.  Finally, they are rinsed again and a cover slip applied.  
ARS stains all types of CaCO3 minerals and the PF exhibits a high sensitivity to 
ferrous iron of two parts per million or more (Dickson, 1965; 1966).  The degree of 
colourisation is related to the reaction rate of the different minerals/trace elements to 
the stains.  A bright red colourisation indicates a maximum reaction rate 
corresponding to CaCO3 in the form of calcite.  The distinct colour reponses and the 
associated minerals/trace elements are described in Table 6.  
 
 
 
 
Removed for copyright reasons Table 6: The staining responses of minerals and trace 
elements to the Dickson’s Staining Method in calcite (Dickson, 1965; 1966).   
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By experiments on Carboniferous brachiopods, Bathurst (1964) and Dickson (1965; 
1966) showed that diagenetic calcite can be identified as such by staining through 
the blue colour (corresponding to ferrous calcite) of void infills (Bathurst, 1964; 
Dickson, 1965;1966). 
 
Limitations are associated with the Dickson Staining Test, whereby orientation of the 
calcium carbonate minerals can affect the intensity of colourisation.  Furthermore, 
determining the colour response in stained fossil material is somewhat subjective 
particularly in the case of distinguishing between red (representing unaltered calcite) 
and lilac-scarlet (the response of the test to the presence of ferrous calcite).  To 
overcome this difficulty modern calcite shell material could be stained to provide a 
baseline colour for determining the presence of unaltered CaCO3. The results of this 
are represented on page 126.  
 
 
10.3: The Cathodoluminescence (CL) technique. 
 
Cathodoluminescence (CL) was first applied in the mid 1960’s to identify diagenetic 
cements in carbonate rocks.  CaCO3 will luminesce when (i) certain trace elements 
are found in solid solution and (ii) there are any changes to the original 
microstructure or the mineralogy of the CaCO3, (Gies, 1975; Nichel, 1978; Marfunin, 
1979).  Incorporation of trace elements is recognised as orange luminescence in 
calcite and green luminescence in aragonite (Barbin & Schoverer, 1997).  CL 
provides a record of any included trace element impurities, principally, manganese 
(Mn2+) and ferrous iron (Fe2+).  Greater concentrations of these trace elements imply 
reducing conditions and are taken to indicate alteration of shell chemistry in the post-
depositional environment.  
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Chapter 11 Methods      
 
11.0: Cleaning the fossil shells for stable isotope analysis  
 
An adapted cleaning process was employed to remove any potential organics from 
the fossils to prevent distortion of the stable isotope results (Heilmeyer, Brey & 
Portner, 2004).  This procedure is described below. 
 
I. Heating and maintaining 5% bleach solution at 60 ºC and washing the 
specimens in the solution for 15 minutes. 
II. Rinsing the specimens in distilled water for five minutes. 
III. Dipping the specimens in into 95% ethanol solution for five minutes.  
IV. Rinsing the specimens in distilled water for 10 minutes.   
V. The specimens were then dried overnight in an oven at 40 ºC. 
 
 
11.1 Extracting isotope samples from Aequipecten opercularis. 
             
To achieve the closest possible temporal spacing of isotope data points, and the 
highest resolution of isotope data contained in the most outermost calcite layers, 
sampling occurred on the outer shell surface.  The sample widths were between   
0.5-2.0 mm and the sampling depth was approximately 0.3 mm.  The process 
involved extracting CaCO3 powder by tracing microgrowth increments across the 
shell surface.  Sampling occurred along the region of maximum growth (Hickson et 
al., 1999; 2000; Johnson et al., 2000).  Sampling accuracy was maintained as the 
drill (hand-held; bit 0.5 mm) was operated underneath a light microscope.  There 
was c. 200 µg of CaCO3 powder extracted per sample and the samples were 
crushed to homogenise them.  Serial samples were extracted throughout a 
specimen’s ontogeny and were labelled prior to mass spectrometer analysis (Fig. 
33a-d)  
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Figure 33: The isotope sampling procedure (a) CaCO3 samples were extracted by tracing 
microgrowth increments underneath a light microscope (b) Serial sampling of a specimen 
occurred with sample widths ~0.5 to ~0.2 mm (c) ~200 µg of CaCO3 power was extracted 
per sample (d) Samples were labelled prior to analysis by the mass spectrometer.  
 
11.2: Mounting and stabilisation of shells and extraction of isotope samples from 
fossil A. islandica and P. rustica  
  
The process applied to mount and stabilise the A. islandica and P. rustica specimens 
was adapted from Schöne et al. (2005).  The procedure involved attaching a single 
valve using epoxy glue to a Plexiglas block.  The specimens were then coated with 
steel epoxy glue (Bond Loc B2013 structural adhesive) in the region of the maximum 
growth axis.  The reason for coating the specimens with Bond Loc is to prevent the 
specimen from shattering during the sawing process.  A Buehler Isomet 1000 saw 
was used to section the specimens along the axis of maximum growth.  This 
produced mirror image faces running perpendicular to the specimen’s growth 
increments.  From the resulting sections, further cuts on either side of the initial cut 
were used to generate sections about  3 mm thick, one section being intended for 
stable isotope analysis, and the other for MIW measurements.  The sections were 
then mounted to individual glass slides (using the Bond Loc) and dried overnight.  
(a) (b) 
(c) (d) 
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Once the Bond Loc had completely hardened, one section was polished, rinsed in 
distilled water, and then dried overnight prior to isotope sampling.  
 
Stable isotope sampling for specimens 18201-01 and 29710-07 was completed by 
MSc student Carol Arrowsmith (under the direction of Professor Melanie Leng at the 
NERC Isotope Geosciences Laboratory, British Geological Survey, Keyworth, 
Nottingham).  An electric dental drill fitted with a 0.3 mm bit was used under a light 
microscope to drill a series of holes of less than 0.5 mm diameter across annual 
growth increments (Fig. 34).  Specimen 29710.07 was similarly sampled but with a 
0.5 mm bit at the University of Derby.  In each case, only the outermost layer of the 
sectioned specimen was drilled, to obtain the most appropriate stable isotope 
sample.  Each sampling process extracted ~50-100 μg of CaCO3 powder per 
sample.    
 
Removed for copy right reasons Fig. 34: A diagrammatic representation of the sampling 
process for A. islandica and P. rustica (after Schöne et al. 2005).  
 
11.3:  Preparation of shells and extraction of isotope samples from fossil Atrina 
fragilis. 
   
Prior to any isotope sample extraction the shellac coating applied to protect the 
specimen was removed.  The process involved softening the shellac by wrapping a 
50% ethanol and 50% acetone soaked cloth around the specimen.  The shellac was 
removed by gently scraping the outer shell surface.  The final stage was to rinse the 
specimen in distilled water, and to dry it overnight in an oven at 40 ºC.  The cleaning 
process as described in section 11.1 was then applied to the specimen before any 
isotope sampling was completed.  
 
The stable isotope sampling of the A. fragilis specimen involved drilling a series of 
grooves using a hand-held electric dental drill with a 0.5 mm bit.  As modern A. 
fragilis have rapid growth, the sampling resolution was courser at (2-4 mm) gaps- 
See Fig. 35 a-b.  The shellac cleaning process had removed the calcite outer layer; 
therefore sampling was from the inner aragonite (nacreous) layer.  Each sample 
consisted of multiple sublayers each of which potentially represented a season of 
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growth; c. 200 µg of CaCO3 powder was extracted per sample for stable isotope 
analysis.  
 
Fig. 35: The stable isotope sample extraction process for A. fragilis (a) an example of the A. 
fragilis that was analysed showing a representation of sample grooves (blue lines).  (b) An 
enlarged section of a A. fragilis specimen showing the outermost nacreous layers deposited 
when the organism was younger and the sub-layers (dashed white line) of nacreous layers 
deposited as the organism aged.  
 
 
11.4: Mass spectrometer analysis of the isotope samples. 
 
The δ18Osample results are obtained using a mass spectrometer, which employs the 
process as described by Farre (1986) and summarised by Hickson (1997):   
 
 The CaCO3 samples are reacted in 100 % phosphoric acid (H3PO4) which 
results in the reaction expressed in the equation 9 below:   
 
 
(Equation 9)  
 
 
 
 
CaCO3 +H3PO4  
 
CaHPO4 + CO2 + H2O 
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  A cryogenic trap entraps the H2O, whilst the CO2 is transferred to the 
mass spectrometer and the CO2 is then ionised to partition the isotopes 
contained in the gas.   
 
  The ions are separated into distinct masses- dependent on the isotope 
signature they exhibit, which are equal to the atomic masses of 44 
(12C16O2), 45 (
12C16O17O) and 46 (12C16O18O)  
 
  After applying corrections for the 17O, the δ18O of a sample is measured  
by identifying the ratio of ions that are exhibiting a 46/44 mass  
  
 
The mass spectrometer employed for the isotope analysis was a GV IsoPrime plus 
Multiprep device, which was located at the NERC Isotope Geosciences Laboratory, 
British Geological Survey, Keyworth, Nottingham, NG12 5GG, UK, under the 
supervision of Professor Melanie Leng.  The process used 30-100 µg of the original 
samples and values were recorded as parts per mil (‰), when deviated from the 
laboratory-run VPDB standard (KCM 18O/16O).  The analytical reproducibility of the 
procedure when employing the standard calcite (KCM) was <0.1‰ for δ18O and δ13C 
(Johnson et al., 2009; Valentine et al., 2011).   
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Part two: the modern validation study 
 
Chapter 12: Study of an A. opercularis specimen from Malaga, Spain  
 
12.1 Rationale for the study 
 
Previous oxygen isotope thermometry investigations of Pliocene A. opercularis 
repeatedly revealed evidence of cooler summer benthic palaeotemperatures than 
the palaeotemperature estimates from other biological proxies and  PRISM2 
assessments, (Johnson et al., 2009; Williams et al., 2009; Knowles et al., 2009; 
Dowsett et al., 2010; Valentine et al., 2011).  The anomalous benthic summer 
Pliocene SNSB palaeotemperatures may be explained by the occurrence of 
seasonal stratification, and the development of a thermal gradient between the 
surface and benthic waters (Johnson et al., 2009; Valentine et al., 2011). 
 
The main aim of this investigation is to test an alternative hypothesis, whereby in 
actuality the benthic temperatures were much higher but these temperatures were 
not being recorded by A. opercularis.  This will be achieved by establishing if shell 
material from modern A. opercularis collected from a shallow warm ocean regions 
(the modern Mediterranean Sea) records the expected summer sea temperatures of 
21-24 ºC (NOAA, 2003).  If it does, this in turn will refute the hypothesis that the 
cooler benthic summer palaeotemperatures recorded by the Pliocene bivalves 
resulted from a vital effect.   
 
The subsidiary aims of this investigation are to: 
I. Identify if the valves of an articulated live-collected A. opercularis specimen 
provide comparable oxygen and carbon isotope values, and microgrowth 
increment widths.  Therefore, this will test the robustness of these datasets 
and test for any valve dependent effects.  
II. This investigation will also examine the suitability of SEM analysis, the 
Dickson Staining method, and CL screening techniques for identifying altered 
biogenic carbonates.  This will assist in producing a suitable laboratory 
protocol for avoiding the inclusion of data from diagentically altered fossil shell 
material in Part three of this investigation. 
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III. This investigation will investigate the how food supply in a non-stratified 
environment influences the seasonal δ13Cshell and the microgrowth increment 
widths (MIW) 
 
12. 2: The geological, geographical and climatic setting of the Mediterranean Sea  
 
The Mediterranean Sea is a semi-enclosed middle-latitude sea encompassing an 
area of 2,515,000 (Km2), and it consists of two major basins, the eastern and 
western basins.  The basins are of almost equal proportions and they are linked by 
the Straits of Sicily.  The Mediterranean Sea experiences a freshwater deficit when 
compared to the adjoining Atlantic Ocean (Bethoux & Pierre, 1999; Turley et al., 
2000; Robinson et al., 2001; Cartes et al., 2004).  The Mediterranean is a microtidal 
sea (range of spring tides <2 m). 
 
The modern Mediterranean climate is dry and warm, and the average modern winter 
SST for this region is 16 ºC, and the average summer SST is 24 ºC (Baringer & 
Price, 1999; Bethoux & Pierre, 1999; NOAA, 2003).  
 
12.3: Plankton dynamics in the Mediterranean Sea   
 
Investigations monitoring the phytoplankton dynamics in the north-western 
Mediterranean established that spring-blooms occur in this region, which is reflected 
in higher concentrations of chlorophyll pigment being recorded in spring than in 
other times of the year.  Throughout the late summer, a reduced chlorophyll pigment 
concentration over time reflects how the sea-surface phytoplankton communities 
begin to decline because of decreased insolation (Vidussi, Marty & Chiaverini 2000).   
 
However, phytoplankton blooms also occur in October and November, associated 
with the instigation of wave induced nutrient upwelling resulting from the breakdown 
of the summer thermocline (Zingone et al., 1995). 
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12.4: The region of study: Rincón de la Victoria, Malaga, Spain. 
Rincón de la Victoria (Fig. 36) is located on the southern Spanish coast in the Costa 
del Sol region.  The longitude-latitude coordinates are: 36 ° 71’ North 4° 30’ East.  
The common sediments found in the region are coarse-grained sands, and gravels 
(Calvache & Pulido-Bosch, 1997).  Climate in the region is semi-arid Mediterranean, 
the average annual rainfall is 350-460 mm/yr., and the region exhibits distinct dry 
and wet seasons (Calvache & Pulido-Bosch, 1997).  
 
Removed for copyright reasons Fig. 36: The red arrow shows the sampling location 
(Rincón de la Victoria, Malaga, Spain) of the modern A. opercularis specimen (Google-
Maps, 2011).  
 
 
12.5: Materials 
This modern validation study used a single live collected articulated A. opercularis 
from Rincón de la Victoria, Malaga; Spain.  The left valve was numbered 21996-a 
and the right valve was numbered 21966-b.  The shell was 28 mm in height and it 
was collected from a water depth between 20-40 m.     
 
12.6: Appraising the digenetic screening tests.  
Chapter 10 identified examples of the common techniques that can be applied to 
screen fossil shell material for post-depositional alteration.  Application of the same 
screening techniques to the A. opercularis specimen was used to evaluate the 
usefulness of each method for identifying post-depositional alteration in fossil shell 
material. 
 
12.6.1: SEM results  
The SEM results revealed a pristine foliated microstructure, which is represented by 
the green arrows in Fig. 37a-b.  This is the expected SEM result because a modern 
A. opercularis microstructure remains unaltered by post-depositional processes.  The 
SEM results reveal that the preparation technique applied to the sample locally 
damaged the microstructure producing debris as identified by the light-blue arrows in 
Fig. 37a-b.  Consequently, if there was damage to a fossil shell microstructure 
(during preparation of the material) this may result in the misidentification of post-
depositional alteration.   
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During the preparation process, a gold coating is applied to mitigate any effects of 
charging, which can occur during the SEM process; nonetheless, it is not always 
effective and the red arrows in Fig. 37a-b indicate regions of the SEM image which 
are distorted by charging.   
  
Fig. 37: SEM images from Modern A. opercularis from Malaga (a) 21996-a and (b) 21996-b 
 
12.6.2: Dickson staining results  
 
Dickson Staining test exhibited the expected results for unaltered calcite, which is a 
pale-pink to red colourisation (Fig. 38a-b).  Furthermore, the images demonstrated 
how this technique enhanced the clarity of the microgrowth increments (green 
arrows Fig. 38a-b), revealing a supplementary means of substantiating the 
preservation state of fossil shell material.   
 
Fig. 38: The Dickson staining results from modern A. opercularis from Spain (a) 21996-a, (b) 
21966-b.  
 
 
 
1.8 mm 
0.7 mm 
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12.6.3: CL results 
The CL results demonstrated that regions of the modern shell exhibited 
luminescence (as represented by the white arrows in Fig. 39a-b).  Luminescence 
was concentrated in the outermost layers of the shell material (Fig. 39a) and in the 
growth lines (Fig. 39b).  Seeing that luminescence was observed in the investigated 
specimen and this was an unexpected response, an additional live-collected Malaga 
A. opercularis was analysed using the CL technique.  This specimen also exhibited 
luminescence, which is represented by the white arrows in Fig. 39c.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 39: The CL results from modern A. opercularis from Spain (a) 21996-a, (b) 21966-b, (c) 
additional modern Malaga A. opercularis specimen S14.  The white arrows identify areas of 
luminescence in the shell material and the blue arrow identifies luminescence relating to 
contaminants on the slide.    
 
Under the assumption that luminescence detects post-depositional alteration of shell 
material and that unaltered carbonate fossil material will not exhibit luminescence 
(Smith & Stenstrom, 1965; Barbin et al., 1991),  the reason for this response in the 
modern A. opercularis shell material remains unknown.  The results from this study 
question the suitability of the CL technique for detecting post-depositional alteration 
in fossil shell material and prompted a supplementary examination of the literature to 
0.7 mm 0.7 mm 
0.7 mm 
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determine if other authors have reported luminescence in their investigations of 
modern shell material.   
 
Barbin et al. (1991) investigated the luminescence response of live collected calcite 
molluscs including Pecten maximus, Mytilus edulis, and Ostrea edulis from France 
and Senegal.  The results revealed that the Pecten maximus exhibited orange 
luminescence in its growth lines, and in its inner calcite layer.  Ostrea edulis 
exhibited bright orange luminescence in its prismatic outer calcite layer, and the 
Mytilus edulis exhibited a striped orange luminescence.  Therefore, it was concluded 
that certain circumstances (e.g. environmental factors including changes to salinity 
and bathymetry, and biological features of the organism including ontogenetic effects 
and growth rates) may result in luminescence from the inclusion of Mn2+ into shell 
material during its growth.   
 
A further investigation by Soldati et al. (2010) suggested that during shell growth an 
exchange of Ca2+ in the calcium carbonate with Mn2+ in the organic surface material 
can occur, forming MnCO3, which luminesces under CL (Allen, 1979; Swinehart & 
Smith, 1979; Barbin et al., 1991; Soldati et al. 2010).  Therefore, they proposed that 
luminescence in fossil bivalve specimens may reflect inclusion of Mn2+ into shell 
material during growth rather than the luminescence being a direct result of any post-
depositional alteration.  
 
The luminescence exhibited by the A. opercularis in this current study corresponded 
to luminescence patterns exhibited by the Pecten maximus and Mytilus edulis 
specimens investigated by Barbin et al. (1991).  This suggests that potentially an 
introduction of Mn2+ had occurred during its growth, perhaps by the mechanism 
described by Soldati et al. (2010).  These results raise questions about how reliable 
CL analysis is for detecting post-depositional alteration in fossil material.   
 
 
12.7: Preparation of shells and calculation of isotopic temperature   
 
The modern A. opercularis shells were prepared and sampled as described in the 
general methods chapter 11- sections 11.0-11.1 and 11.5.  Isotopic temperatures 
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from the modern calcite A. opercularis were calculated by applying the O’Neil et al. 
(1969) oxygen isotope thermometry equation 6 as described on page. 24.   
 
In order to compensate for evaporation (a feature in the modern Mediterranean Sea) 
different δ18Ow values were applied during the calculation of winter and summer 
isotopic temperatures to increase the accuracy of the temperature assessments.  
The summer δ18Ow of +1.51 ‰, was a higher value than the winter δ
18Ow of +1.08 ‰.  
The winter δ18Ow was measured in January/February 1998 during the Meteor cruise 
at 38.59 º N: 4 .01 º E (Paul, 2002).  The summer δ18Ow was collected in June 1999 
from 36.61 º N: 12.25 º E during a Matér cruise (Paul, 2002).  The summer δ18Ow is 
more positive than the winter δ18Ow because of two factors: (i) increased evaporation 
in the summer months, which preferentially removes 16O from the seawater and (ii) 
less storm activity in the summer than in the winter, which reduces the introduction of 
16O rich rainwater into the marine environment.  
 
12.8: Results. 
The oxygen isotope, carbon isotope and microgrowth increment width (MIW) profiles 
for the left and right valves of the modern A. opercularis are represented in Fig. 40a-
b and Table 7.  Oxygen isotope, carbon isotope and microgrowth increment data for 
each valve are combined in Figs. 41, 42 and 43, respectively.   
 
 
 
129 
 
 
Fig. 40:  Results from the valves of a single articulated modern A. opercularis (live collected 
from Rincón de la Victoria, Spain).  The raw microgrowth increment width measurements are 
represented by the thin green line and the five-point averages are represented by the solid 
green line. The red line shows the δ18O results, and the black line represents the δ13C 
results: (a) 21996-a (b) 21996-b. Note that the isotope axis has been reversed, and that shell 
height is measured from umbo to the ventral margin of the shell.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 7: The maximum, minimum, and range of δ18O/ δ13C (‰) and microgrowth increment 
widths (mm) from the valves of the modern A. opercularis specimen. 
 
 
 
Specimen 
 
δ18O 
max/ 
min 
(‰) 
 
 
δ13C 
max/ 
min 
(‰) 
 
Range  
δ18O 
(‰) 
 
Range 
δ13C 
(‰) 
 
 
MIW
max 
/min 
(mm) 
 
MIW 
range 
(mm)  
 
Mean 
MIW 
(mm) 
 
21996-a 
Left valve 
 
+0.49 
-0.44 
 
-0.04 
-0.51 
 
 
0.93 
 
 
0.47 
 
 
0.35 
0.07 
 
 
 
0.28 
 
 
0.19 
 
21996-6 
Right 
valve 
 
+0.74 
-0.57 
 
+0.02 
-0.45 
 
 
1.31 
 
 
0.47 
 
0.36 
0.09 
 
 
 
 
0.27 
 
 
0.18 
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12.8.1: δ18O results 
 
The oxygen isotope profiles in each valve exhibit what is presumed to be a seasonal 
cycle (over a single year), with lower δ18O in the summer and higher δ18O in the 
winter.  The δ18O profiles are relatively smooth, nonetheless the valves record 
distinct single point anomalies (Fig. 40a-b).  An ontogenetic effect is recorded in 
each valve, as the second winter δ18O is higher than the previous winter δ18O (Fig. 
40a-b).  
 
21996-b exhibits the lowest δ18O of -0.57 ‰ and the highest δ18O of +0.74 ‰, 
encompassing a range of 1.31 ‰ (Table 7; Fig. 40a).  21996-a exhibits a smaller 
range of 0.93 ‰, and less extreme winter and summer δ18O values of +0.49 ‰ and -
0.44‰,  respectively (Table. 7; Fig. 40b).  The δ18O profiles from the valves are 
highly comparable and each valve exhibits corresponding higher and lower δ18O 
values represented in the graph as equivalent peaks and troughs (Fig. 41).  
However, there are observable anomalies in the δ18O profile of 21996-b at shell 
heights of 11, 12 and 24 mm (Fig. 40b).   
Fig. 41: Oxygen stable isotope results combined from each valve. The light blue line shows 
the results from 21966-a and the orange line shows the results from 21996-b. Note that the 
isotope axis has been reversed and that shell height is measured from umbo to the ventral 
margin of the shell. 
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12.8.2: Testing the robustness of the relationships between the datasets for each 
valve.  
  
The observation of anomalies in the δ18Oshell profile of 21996-b when compared to 
the δ18Oshell profile of 21996-a prompted a test of the correlation between the δ
18Oshell 
between the datasets by a non-parametric statistical analysis (Pearson Correlation) 
using SPSS software.   
 
The hypothesis was directional i.e. it implied that there would be a relationship 
between the δ18Oshell profiles of each valve; therefore a one-tailed test was applied.  
 
 The Null hypothesis (HO) stated: there would be no relationship between the 
δ18Oshell values obtained from 21996-a and 21996-b  
 
 The Alternative hypothesis (HA) stated: there would be a relationship between 
the δ18Oshell values obtained from 21996-a and 21996-b 
 
 
The oxygen isotope and microgrowth increment width measurements showed a 
normal distribution (see appendix).  From this analysis, a Pearson Correlation test 
was applied to test for a statistically significant correlation (at the 0.01 significance 
level) for these variables across both of the valves. The results from the oxygen 
isotope test are displayed in table 8, and described in equation 10.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 8: Pearson correlation statistics for the relationship between δ18O measurements of 
the modern A. opercularis valves at a 0.01 significance level  
           
 
δ18O correlation between 
valves of a  modern               
A. opercularis and statistical 
analysis applied  
21996-a 
δ18O 
21996-b 
δ18O 
21996-a  
δ18O 
Pearson 
Correlation 
 .607** 
Sig. (1-tailed)  .002 
N  20 
21996-b 
δ18O 
Pearson 
Correlation 
.607**  
Sig. (1-tailed) .002  
N 20  
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(Equation 10)  
r (20) =0.607p<0.002, one tailed test 
 
 
When r is the correlation coefficient of the number of samples 0.607 describes a positive 
relationship between the δ18Oshell vales of 21966-a and 21966-b at the 0.1 level of 
significance.  Since the p value is below 0.005 and the significance level is 0.01 there is a 
less than 1% probability that the observed positive correlation coefficient (r) of 0.607 arose 
by chance.   
 
The result of a statistically significant correlation implies that the HO hypothesis can 
be rejected, and the HA hypothesis can be accepted.  Therefore, despite the 
observable discrepancies between the δ18Oshell profiles of 21966-a and 21996-b, the 
robustness of the δ18Oshell data has been established.  The δ
13Cshell and microgrowth 
increment results were tested using the same analysis to determine if there was a 
significant correlation for these variables at the same level of significance (Tables 9, 
10)  
12.8.3: δ13C 
 
The δ13C profile of each valve exhibits a less-pronounced cyclical profile when 
compared to the δ18O profiles.  However, there is a seasonal response represented 
as lower δ13C values in the winter and spring and higher δ13C values in the summer 
(Fig. 40a-b).  An ontogenetic trend is recorded in both valves and represented by the 
δ13C values becoming increasingly lower throughout ontogeny (Fig. 42).  There is a 
single point anomaly recorded in the δ13C profile of 21996-b at 13 mm shell height 
(Fig. 40a-b).  21996-a records δ13C values from -0.04 ‰ to -0.51 ‰; the total range 
of δ13C is 0.47 ‰ (Table 7: Fig. 40b).  21996-a records δ13C values from +0.02 ‰ to 
-0.45 ‰; however, this valve still encompasses the same δ13C range of 0.47 ‰ 
(Table 7- Fig.40a). 
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Fig. 42: Carbon stable isotope results combined; the light blue line shows the results from 
21966-a and the orange line shows the results from 21996-b. Note that the isotope axis has 
been reversed, and that shell height is measured from umbo to the ventral margin of the 
shell. 
 
Anomalies occur in the δ13C profile of 21996-b at shell heights 9 mm and 13 mm.  
These δ13C anomalies are not recorded in the δ13C profile from 21996-a. The carbon 
isotope samples for 21996-a were not normally distributed, and the data were unable 
to be transformed by using either a log or square root because the original data 
contained negative values.  Therefore, a Spearman Rank (non-parametric test) was 
applied to test for correlation,  and the results showed a significant correlation 
between the δ13C measurements between the valves at the 0.01 significance level 
(Table 9) 
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12.8.4: Microgrowth increment measurements  
 
The microgrowth increment width (MIW) patterns (5-point average) in each valve 
revealed a seasonal cycle of wider increments in winter and spring, and narrower 
increment widths in the summer (Fig 40a-b).  21996- a records a maximum MIW of 
0.35 mm and a minimum MIW of 0.07 mm encompassing a range of 28 mm.  The 
widest MIW exhibited by 21996-b is 0.36 mm and the narrowest MIW is 0.09 mm 
encompassing a range of 0.27 mm (Fig. 40a-b; Table 7).  The mean MIWs are 
similar and are 0.19 mm in 21996-a and 0.18 mm in 21996-b (Fig. 43; Table 7).  
Growth breaks are not evident in either of the valves.  
 
 
 
 
 
 
 
 
 
 
 
 
 21996-a 21996-b 
Spearman's 
rho 
21996-a Correlation 
Coefficient 
1.000 .609** 
Sig. (1-tailed) . .002 
N 20 20 
21966-b Correlation 
Coefficient 
.609** 1.000 
Sig. (1-tailed) .002 . 
N 20 20 
**. Correlation is significant at the 0.01 level (1-tailed). 
 
Table 9: Spearman Rank statistics for the relationship between δ13C 
measurements of the modern A. opercularis.  
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Fig. 43  Microgrowth increment widths combined from the modern Malaga A. opercularis 
specimen; the light blue line shows the results from 21966-a and the orange line shows the 
results from 21996-b.   
 
The MIW data was tested using non-parametric statistical analysis and there is 
significant correlation in the MIW between the valves at the 0.01 significance level, 
and the results are represented in Table.10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 10: Pearson correlation statistics for the relationship between microgrowth increment 
width measurements of a modern A. opercularis (see section 12.8.1.1 for the statistical 
analysis process)  
 
 
 
 
 
 
 
Microgrowth increment  
correlation between valves of a  
modern               
 A. opercularis and statistical 
analysis applied 
21996-a 
increments 
21996-b 
increments  
21996-a 
increments 
Pearson 
Correlation 
 .245** 
Sig. (1-tailed)  .005 
N  111 
21996-b 
increments 
Pearson 
Correlation 
.245**  
Sig. (1-tailed) .005  
N 111  
**.  Correlation is significant at the 0.01 level (1-tailed). 
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12.8.5: Isotopic temperatures   
 
The extreme isotopic temperatures recorded in each valve calculated with winter or 
summer values of δ18Ow as appropriate are shown in Table 11.  There is a close 
similarity between both the summer and winter temperatures from each valve.  
21996-a exhibit the warmest winter minimum of 18.5 ºC, whereas 21996-b records a 
cooler winter extreme of 17.2 ºC.  This equates to a 1.3 ºC difference in the winter 
minimum temperatures recorded by the valves.  The summer maximum recorded in 
the valves was the same: 25 ºC.  The seasonal temperature range for each valve 
was 6.8 ºC for 21996-a and 7.8 ºC for 21996-b.  The maximum summer 
temperatures recorded in the valves were 1 ºC warmer than the average 
instrumental SSTs for the region, which may imply that the summer for the year of 
growth, was slightly warmer than usual.  The winter minimum isotopic temperatures 
were slightly warmer than the average instrumental winter SSTs, which could reflect 
either a warmer than average winter or the insulating effect of 20-40 m of water at 
the site of growth.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 11: The maximum, minimum, and range of temperature, using specific summer and 
winter δ18Ow, from 21996 (left and right valves).  
 
 
 
 
Specimen 
 
Min  
Winter 
 temp  
(°C) 
+1.08‰ 
δ18Ow 
 
 
Max  
summer  
temp  
(°C) 
+1.55‰ 
δ18Ow 
 
 
Temp  
range 
 (°C) 
 
21996-a 
Left valve 
 
 
18-5 
 
 
 
 
25 
 
 
6.5 
 
21996-b 
Right valve 
 
 
17.2 
  
  
 
 
25 
 
   
7.8 
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12.9: Interpretations of the modern validation study 
 
The validation study identified how isotopic temperatures corresponded to the logged 
winter and summer temperatures. Equivalent isotopic summer temperatures to the 
logged summer temperatures for the Mediterranean Sea region show that A. 
opercularis shell material can record summer temperatures that are associated with 
a warm-temperate/semi-arid climate regime. Therefore, the cooler-than-expected 
summer temperatures previously recorded from Pliocene A. opercularis (Chapter 5; 
6) must reflect thermal stratification of the water column rather than a vital effect.    
  
The δ13C profile from this specimen suggested a seasonal cycle.  The specimen 
exhibited lower δ13Cshell in the spring and winter than in the summer.  The lower δ
13C 
signal may reflect that the bivalve consumed high volumes of food at this time and 
used an increased proportion of carbon from this source to form its shell. 
 
The MIW profiles are comparable to those reported in a previous investigation of 
three modern A. opercularis from the Malaga region (Johnson et al., 2009).  The 
mean MIWs were 0.22 mm, and for five-point averages was 0.32 mm and the 
average minimum 0.12 mm, and the difference between average maximum and 
minimum being 0.20 mm (Johnson et al. 2009, Table 3).  The A. opercularis 
specimen investigated in the present study exhibited similar minimum, maximum and 
mean MIWs of 0.35 mm, 0.07mm and 0.19 mm (21996-a) and 0.36 mm and 0.09 
mm, and 0.18 mm (21996-b).  The similar and large ontogenetic range in MIW of 
Malaga specimens can be interpreted as a reflection of the microtidal regime, which 
results from a lack of tidal currents and possibly produced a dominance of surface 
productivity over benthic resuspension processes in the food source of the bivalve 
close to the sea floor.  Surface productivity variation is large during the course of the 
year at mid-latitudes, and productivity is generally highest in the warmer, lighter 
months, a pattern that may explain the tendency for microgrowth increments of 
specimen 21996 to be wider during parts of shell ontogeny with a lower δ18O.   
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12.10: Testing the robustness of the datasets between the valves. 
Regarding the secondary aim of this modern validation study, this was to determine 
if the left and right valve of this specimen exhibited comparable δ13Cshell, δ18Oshell 
and MIW datasets.  The results revealed that the δ13Cshell, δ
18Oshell, and MIW profiles 
were comparable between the valves.  This idea was supported by a significant 
positive correlation of all the datasets at the 0.01 significance level.  However, 
profiles of all three parameters had anomalies, which are proposed to be the result of 
sampling errors.  
12.10.1: Exploring potential sampling errors 
 
Inaccuracies in the analytical process are improbable, since laboratory protocol 
dictates that any irregular isotope values are reanalysed to discount any malfunction.  
Furthermore, standards, which have known δ18O/δ13C values, were analysed to 
detect errors in the analytical process.  Therefore, if the standard δ18O/δ13C values 
are recorded accurately, this implies that the Mass Spectrometer is functioning 
correctly during stable isotope analysis.  Conversely, if the standards exhibit 
inaccurate δ18O/δ13C values this suggests that the Mass Spectrometer equipment is 
possibly faulty, and this was not the case in any of the analysis completed for this 
project.  Therefore, discrepancies in the modern shell materials are likely to be the 
result of experimenter errors occurring during the sampling process, such as drilling 
too deep into the shell material, leading to an inclusion of inner and outer shell 
material that exhibits different isotope properties in a single sample.  
 
12. 11: Assessment of the techniques employed for detecting post-depositional 
diagenesis in fossil shell material   
 
An aim of this validation study was to determine how suitable the SEM, Dickson’s 
Staining technique and CL screening tools are for detecting post-depositional 
diagenesis in fossil material.  Luminescence was revealed in the modern shell.  
Therefore, it was decided that the CL technique would not be applied in this 
investigation for detection of post-depositional diagenesis of the fossil material 
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Chapter 12 Summary 
 
 This modern validation study revealed that modern A. opercularis shell 
material from the Mediterranean records summer isotopic temperatures 
comparable to those expected in the warm-temperate climate of the region, 
and that A. opercularis are unlikely to exhibit any vital effect during the 
formation of their shell material.  
 All the datasets (oxygen isotopes, carbon isotopes, and MIWs) from both of 
the valves were tested using Pearson Correlation.  The results for all datasets 
showed significant correlation between the valves at the 0.01 significance 
level.  Therefore, either valve of a bivalve specimen is appropriate for studies 
of oxygen isotopes, carbon isotopes, and MIW. 
 There were single sample anomalies in the datasets that were proposed to be 
the result of sampling errors.  
 The modern shell material exhibited unexpected luminescence; therefore, it is 
proposed that the CL test not be included in the protocol applied to fossil shell 
material prior to any stable isotope analysis. 
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Part three: The Pliocene SNSB investigation 
 
Chapter 13: Introduction to the Pliocene SNSB investigation 
 
13.1: Materials 
  
Fossil shell specimens used for palaeotemperature and MIW analysis in this current 
investigation are from marine Pliocene deposits in western and eastern localities of 
the SNSB.  Western SNSB fossil specimens are from the Ramsholt Member of the 
Coralline Crag Formation, Suffolk, UK.  The eastern SNSB specimens are from the 
Luchtbal Sands Member and Oorderen Sands Member of the Lillo Formation, 
Belgium, and from Oosterhout Formation borehole material from the Netherlands. 
The Oosterhout Formation borehole material is proposed to be time-equivalent to 
individual members of the Lillo Formation, Belgium (F. Wesselingh, personal 
communication, 2010).  
 
From researching current literature on biostratigraphy based on dinoflagellate cyst 
assemblages (see Chapter 5), the Ramsholt Member will provide 
palaeotemperatures and microgrowth increment data for the oldest period ~4.4 Ma to 
~3.8 Ma (specimens are listed in Table 12).  Fossil bivalve material from the Luchtbal 
Sands Member will provide palaeotemperatures and growth increment data for a 
period ~3.71 Ma to ~3.21 Ma (specimens are listed in Table 13).  Fossil bivalve 
material from the Oorderen Sands Member will provide palaeotemperatures and 
increment data from ~3.21 Ma to ~2.76 Ma (specimens are listed in Table 14).  
Fossil bivalve material from the Oosterhout Formation borehole material, proposed 
as time-equivalent to the Merksem Sands Member; Lillo Formation, will provide 
palaeotemperatures and microgrowth increment data for the youngest time interval 
in this investigation, from the late Pliocene ~2.76 Ma to early Pleistocene ~2.55 Ma 
(specimens are listed in Table 15), together with others from horizons in the 
Oosterhout Formation time-equivalent to the Luchtbal Sands Member and Oorderen 
Sands Member.   
 
13.1.2: Preparing the fossil shells for stable isotope analysis  
 
On the basis of arguments presented earlier and the results of the modern validation 
study, the following protocol was followed (Fig. 44):   
141 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 44: A flow-chart of the laboratory protocol adhered to for all specimens prior to isotope 
sampling.  
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Table.12:  Fossil A. opercularis specimens from the Coralline Crag Formation used in this 
investigation  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Museum  
number  
Location  Height  
(mm)  
No.  
of  
isotope  
samples  
Observed 
preservation state  
UOD  
53360  
A. opercularis  
Ramsholt member,  
Coralline Crag,  
Rockall Wood,  
Sutton Knoll,  
Suffolk  
40  35  
Sampling 
began  
5 mm from the 
umbo  
Incomplete 
specimen. Minimal 
encrustation and very 
little abrasion. Highly 
visible microgrowth 
increment pattern.  
UOD  
53361  
A. opercularis  
Ramsholt member,  
Coralline Crag,  
Rockall Wood,  
Sutton Knoll,  
Suffolk  
42  32  
Sampling 
began  
4 mm from the 
umbo  
Complete specimen. 
No encrustation and 
no abrasion.  Highly 
visible microgrowth 
increment pattern.   
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Museum  
number  
Location  Height  
(mm)  
No.  
of  
isotope  
samples  
Observed preservation 
state  
29710-11  
A. opercularis  
Doel, Oost  
Vlaanderen, 
Deurganckdok, 
Luchtbal sands,  
Pecten gerardi  
53  29  
Sampling 
began  
10 mm 
from the 
umbo  
Complete specimen. 
Encrustation on  auricles 
and most outside edge of 
the specimen. Minimal 
abrasion. Highly visible 
microgrowth increment 
pattern.  
29710-12  
A. opercularis  
Doel, Oost  
Vlaanderen, 
Deurganckdok, 
Luchtbal sands,  
Pecten gerardi  
46  31  
Sampling 
began  
7 mm 
from the 
umbo  
Complete specimen. 
Bryozoan encrustation on 
shell surface, avoided 
during sampling. Minimal 
abrasion. Highly visible 
microgrowth increment 
pattern.  
29710-13  
A. opercularis  
Doel, Oost  
Vlaanderen, 
Deurganckdok, 
Luchtbal sands,  
Pecten gerardi  
42  29  
Sampling 
began  
10 mm 
from the 
umbo  
Complete specimen. 
Bryozoan encrustation on 
shell surface, avoided 
during sampling. Minimal 
abrasion. Generally visible 
microgrowth increment 
pattern.  
Table.13:  Fossil A. opercularis specimens from the Luchtbal Sands Member, Lillo 
Formation used in this investigation  
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Table.14: Fossil specimens from the Oorderen Sands Member used in this investigation  
 
 
Specimen  Location  Height  
(mm)  
No.  
of isotope  
Samples  
Observed preservation 
state  
D2-8  
Aequipecten 
opercularis  
Deurganckdok, 
Oorderen Sands,  
Atrina bed base  
31  25  
Sampling 
began  
2 mm from 
the umbo  
Complete specimen. 
Minimal encrustation. Very 
little abrasion. Highly visible 
microgrowth increment 
pattern.  
29710-09  
Aequipecten 
opercularis 
Kallo, Oost-  
Vlaanderen,  
Vrasendok,  
Oorderen Sands,  
 Atrina bed  
51  39  
Sampling 
began  
5 mm from 
the umbo  
Complete specimen. No 
encrustation. Highly visible 
microgrowth increment 
pattern  
29710-10  
Aequipecten 
opercularis 
Kallo, Oost-  
Vlaanderen,  
Vrasendok,  
Oorderen Sands,  
Atrina bed  
42  22  
Sampling 
began  
6 mm from 
the umbo  
Complete specimen. One 
bryozoan, avoided during 
sampling. Highly visible 
microgrowth increment 
pattern, little abrasion  
29710-07  
Arctica islandica  
Base 
Oorderen  
Sands 
 
 ---- 27  Complete specimen. No 
encrustation.  
18201-01  
Arctica islandica  
‘Scaldisian  
Zone a’ of 
Chrysodomus  
Contrarius and 
Pinna  
Oorderen Sands 
 
 ---- 27  Complete specimen. No 
encrustation.  
29710-04  
Pygocardia. 
rustica  
Kallo, Oost-  
Vlaanderen,  
Vrasendok,  
Oorderen  
Sands,  
Atrina bed  
----   Complete specimen. No 
encrustation.  
UOD 53348  
Atrina fragilis  
‘Scaldisian  
Zone a’ of 
Chrysodomus  
Contrarius and 
Pinna  
Oorderen Sands.  
 
----  9  Anterior fragment of larger 
valve  
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Table.15 : Fossil A. opercularis specimens from the Oosterhout Formation used in this 
investigation  
 
 
 
 
 
 
 
 
 
Museum  
Numbers 
 
Location 
 
Height 
 (mm) 
 
No.  
of  
Isotope 
samples 
 
 
Observed 
preservation state  
 
UOD 53362 
Aequipecten 
opercularis 
 
Oosterhout 
 (Merksem 
Sands  
equivalent )  
Ouwekerk, 
 Borehole,  
42H19- 
4/42H0039 
 
 
56 
 
42 
 
Sampling 
began  
4 mm from 
the umbo  
 
 
Incomplete specimen. 
Encrustation on shell 
surface avoided during 
sampling, and very little 
abrasion. Highly visible 
microgrowth increment 
pattern.  
 
 
UOD 
53363 
Aequipecten 
opercularis 
 
Oosterhout  
(Merksem 
Sands  
equivalent )  
Ouwekerk,  
Borehole,  
42H19- 
4/42H0039 
 
 
46 
 
36 
 
Sampling 
began  
5 mm from 
the umbo  
 
 
Incomplete specimen. 
One single bryozoan, 
plus other encrustation 
avoided during 
sampling. Highly visible 
microgrowth increment 
pattern. 
 
 
UOD 53347 
Aequipecten 
opercularis 
 
 
Oosterhout  
(Oorderen 
Sands 
equivalent)  
Ouwekerk  
Borehole,  
42H19- 
4/42H0039 
 
 
44 
 
36 
 
It was 
estimated 
sampling 
began 
15 mm from 
the umbo  
 
 
  
Fragment of a disc, with 
a shiny tarnished 
surface. Microgrowth 
increment pattern 
indicated some 
abrasion 
 
UOD 
53364 
Aequipecten 
opercularis- 
 
Oosterhout 
(Luchtbal 
Sands  
equivalent )  
Ouwekerk  
Borehole,  
42H19- 
4/42H0039 
 
 
34 
 
31 
 
Sampling 
began  
3 mm from 
the umbo  
 
 
Incomplete specimen. 
No encrustation. 
Microgrowth increment 
pattern indicated more 
apparent abrasion.   
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Chapter Summary  
 
Two bivalve specimens from the Ramsholt Member, Coralline Crag Formation, will 
provide palaeotemperatures and microgrowth increment data for the oldest period 
~4.4 Ma to ~3.8 Ma. 
 
Three bivalve specimens from the Luchtbal Sands Member of the Lillo Formation 
and an equivalent horizon in the Oosterhout Formation Member will provide 
palaeotemperatures and growth increment data for a period ~3.71 Ma to ~3.21 Ma.   
 
Eight bivalve specimens from the Oorderen Sands Member of the Lillo Formation 
and an equivalent horizon in the Oosterhout Formation will provide 
palaeotemperatures and growth increment data (where applicable) for the period 
~3.21 Ma to ~2.76 Ma. 
 
Two bivalve specimens from the Oosterhout Formation, time-equivalent to the 
Merksem Sands Member, Lillo Formation, will provide data for the youngest time 
interval ~2.76 Ma to ~2.55 Ma.  
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Chapter 14: Results from the Pliocene southern North Sea Basin (SNSB) - 
Coralline Crag Formation.    
 
14.1: SEM and Dickson Staining results from the Coralline Crag A. opercularis 
specimen  
 
Fig. 45 shows an example of a SEM image from a Coralline Crag A. opercularis 
specimen UOD 53661.  The second Coralline Crag specimen (UOD 53360) 
exhibited similar SEM results.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 45:  A SEM image from a fossil Coralline Crag A. opercularis UOD 53361.  The green 
arrows show areas of well-preserved foliated calcite microstructure and the red arrows show 
regions of the microstructure that have been distorted. 
 
Generally, the SEM results showed a pristine microstructure that was comparable to 
the microstructure of the modern Malaga A. opercularis.  However, minor regions of 
the shell material exhibited a distorted microstructure proposed to have resulted from 
damage by the SEM preparation process.   
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Fig. 46: The Dickson Staining results from UOD 5336: an A. opercularis from the Coralline 
Crag Formation, Ramsholt member, Suffolk, UK.  The black arrows show the prominent 
microgrowth increments etched during the staining process. The grey arrows indicate black 
colouration that did not match any colour response as recorded by Dickson (1965). 
 
UOD 53361 exhibited a pink-red stain the expected response for unaltered calcite 
and highly visible growth lines.  There was evidence of a black colouration that did 
not match any colour response as recorded by Dickson (1965).  This may have 
resulted from the glue used in the sectioning process being stained, or because of 
changes to the concentration/type of organics in the outermost shell material.  UOD 
53360 exhibited the same colour responses as UOD 53361 (Fig. 46).  
 
The overall pristine nature of the shell microstructures and the Dickson Staining 
results show that post-depositional diagenesis was unlikely to have altered the 
Coralline Crag Formation shell material and it therefore provides a suitable medium 
for stable isotope analysis. 
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14.2: Results: Pliocene A. opercularis from Ramsholt Member, Coralline Crag, 
Suffolk, UK 
 
The oxygen isotope, carbon isotope and microgrowth increment width (MIW) profiles 
for Pliocene A. opercularis specimens from the Ramsholt Member, Coralline Crag, 
Rockhall Wood, Sutton Knoll, Suffolk, UK, are shown in Fig. 47a-b.  
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
Shell height from origin of growth (mm) 
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Fig. 47a-b: Isotope profiles (δ) and microgrowth increment width (MIW) measurements (mm) 
from two fossil A. opercularis specimens.  The solid green line shows the MIW (five-point 
averages) and the raw MIW are represented by the broken green line.  δ18O are shown by 
the red line and the δ13C by the black line.  The solid purple line indicates a strong wide 
growth break in the MIW record- (a) UOD 53360 (b) UOD 53361.  Note that the isotope axis 
has been reversed and shell height is measured from umbo to ventral margin.  
 
 
 
 
 
 
 
Specimen 
 
δ18O 
max/ min 
(‰) 
 
Range 
δ18O  
(‰) 
 
δ13C  
max/ min 
(‰) 
 
Range 
δ13C  
(‰) 
 
MIWs 
max 
/min 
(mm)  
 
Mean 
MIW 
(mm) 
 
MIW 
range 
(mm) 
 
UOD 
53360 
 
+2.01 
+0.14 
 
1.87 
 
+0.73 
+0.06 
 
0.67 
 
0.66 
0.17 
 
 
 
0.43 
 
0.49 
 
UOD 
53361 
 
+2.24 
+0.66 
 
1.58 
 
+1.43 
-0.09 
 
1.52 
 
0.74 
0.20 
 
 
 
0.38 
 
0.54 
(b) 
Table 16: The maximum, minimum and range of δ18O/ δ13C (‰), MIWs (mm) of the 
Pliocene A. opercularis UOD 53360 and UOD 53361. 
Shell height from origin of growth (mm) 
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14.3: The δ18O results  
 
The δ18O profile of UOD 53360 exhibits a cyclical and sinusoidal pattern, that 
includes values from +2.01 ‰ to +0.14 ‰; which implies a range of 1.87 ‰ (Table 
16).  Overall, the profile is relatively smooth; however, there are single-point 
anomalies recorded at 8, 9, 10, 12, 14, 15, 23, and 27 mm shell height.  It is 
impossible to detect evidence of any ontogenetic effect in this specimen, since only 
the first summer and first winter have been isotopically analysed.  From the profile 
there is indication that the first spring, summer, autumn and winter have been 
isotopically analysed, approximating to a single year of growth (Fig.47a).   
 
The δ18O profile UOD 53361 displays an overall cyclical and sinusoidal profile and a 
seasonal δ18O response of lower values in summer and higher values in the winter.  
The maximum value is +2.24 ‰, and the minimum value is +0.66 ‰; giving a range 
of 1.58 ‰ (Table 16).  There are observable single-point anomalies recorded during 
the spring and summer at shell heights 5, 8 and 9 mm.  A summer ontogenetic effect 
is detected since the δ18O minimum is lower in the first summer (recorded at shell 
height 25 mm) than in the second summer (recorded at 40 mm shell height).  UOD 
53361 exhibits a greater range than UOD 53360; however, its maximum δ18O value 
of +2.24 ‰ corresponds to a single-point sample at shell height 8 mm, which distorts 
the overall range.  There is indication that the first spring, summer, autumn and 
winter have been isotopically analysed approximating to a single year of growth (Fig. 
47b).   
 
In summary, the δ18O isotope profiles are highly comparable (excluding the 
previously discussed single-point anomalies).  The regions of lower and higher δ18O 
are recorded at similar shell heights at ~0.6 mm-13 mm and ~17-32 mm 
respectively.  This high comparability implies that the organisms experienced a 
similar range of palaeotemperatures as they grew (Fig. 48).   
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Fig. 48:  UOD 53360 (pale pink) UOD 53361 (pale blue), oxygen isotope results (‰) 
combined.  Shell height is from umbo to ventral margin 
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14.4:  δ13C results  
 
The δ13C profiles of UOD 53360 and UOD 53361 exhibit a less-pronounced cyclical 
pattern than the δ18O profiles.  UOD 53360 values are from +0.73 ‰ to +0.06 ‰, 
encompassing a range of 0.67 ‰ (Fig. 47a) and UOD 53361 values are from +1.43 
‰ to -0.09 ‰, encompassing a greater range of 1.52 ‰ (Fig. 47b).  In the context of 
a seasonal pattern (as provided by the δ18O profiles), the δ13C results exhibit some 
difference.  UOD 53360 records lower values in the summer and higher values in 
spring and winter, whereas, UOD 53361 records higher values only in the first 
spring.  In general, the profiles are relatively smooth; however, there are distinct 
single- point anomalies recorded at shell heights 6, 8, 17, and 38 mm in UOD 53360 
and there are associated single-point anomalies in its δ18O centred on the stated 
shell heights (Fig. 47a-b).   
 
UOD 53361 exhibits a distinct single-point anomaly of a markedly higher value at 
shell height 8 mm that corresponds to a noticeably higher δ18O value.  There is 
evidence of lower δ13C values at shell heights 25.1 mm and 30 mm, which are 
associated with lower δ18O values (Fig. 47b).  
 
In summary (when excluding the single-point anomalies), UOD 53360 and UOD 
53361 exhibit a similar distribution of peaks and troughs in their δ13C profiles.  
Furthermore, (when excluding the early sections of growth in UOD 53361 from 3-10 
mm and the single-point anomalies in both specimens), the δ13C profiles are 
relatively flat and values fall predominantly between +0.40 ‰ to 0.00 ‰ (Fig. 49). 
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Fig. 49:  UOD 53360 (pale pink) UOD 53361 (pale blue), δ13C results (‰) combined.  Note 
that the isotope axis has been reversed.  Shell height is from umbo to ventral margin (mm).  
 
14.5: Microgrowth increment width results 
 
The MIW profiles of UOD 53360 and UOD 53361 (5-point average) show a seasonal 
cycle (in the context of seasonality provided by the δ18O profiles), whereby wider 
MIWs occur in the summer than those recorded in the winter (Fig. 47a-b).   
 
The MIW profile of UOD 53360 exhibits summer extremes of 0.32 mm to 0.57 mm 
(5-point average) recorded at 10 mm to 33 mm shell height.  During the winter, the 
extremes decrease to between 0.22 mm and 0.38 mm (shell height 34-38 mm - Fig. 
47a).  The profile shows a definite in-phase relationship between the MIWs and 
isotopic palaeotemperatures, whereby wider MIWs correspond to lower δ18O and 
narrower MIWs correspond to higher δ18O values.  There appears to be little 
correspondence between changes in MIWs and variations in the δ13C profile.  UOD 
53360 exhibits a maximum MIW of 0.66 mm and a minimum of 0.17 mm, a range of 
0.49 mm, and the mean is 0.43 mm (Fig. 47a; Table 16).   
 
UOD 53361 records a maximum MIW of 0.74 mm and a minimum of 0.20 mm, and 
the range is 0.54 mm (Fig. 47b; Table 16).  The widest MIWs (from 0.30 mm to 0.52 
mm) are recorded during the summer (5-point averaged mean) and in the winter the 
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MIWs decrease to between 0.28 mm and 0.45 mm.  However, since measurements 
only occur from 20 mm and 41 mm shell height this leads to a truncated profile, 
consequently maximum and minimum MIW extremes may have remained 
unrecorded.  The peaks and troughs in the MIWs are in-phase with isotopic 
palaeotemperatures.  There is no apparent relationship between the δ13C trends and 
changes in the MIWs (Fig. 47b).   
 
The MIW profiles from UOD 53360 and UOD 533601 (Fig. 50) exhibit no indication 
of the c. monthly cycles exhibited by the Holocene A. opercularis from the SNSB. 
 
 
 
 
 
 
 
 
 
 
Fig. 50:  UOD 53360 (pale pink) and UOD 53361 (pale blue) MIW (mm) combined.  Shell 
height is from umbo to ventral margin (mm).  Note the solid lines are 5-point average MIW 
measurements (mm), and the broken line represents the MIW raw data measurements (mm) 
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14.6:  Isotopic temperatures   
 
Isotopic temperatures were calculated using the O’Neil et al. (1969) calcite equation 
(see equation 6) and multiple δ18Ow estimates were applied in the calculations.  The 
δ18Ow values of +0.1 ‰ and +0.5 ‰ were from modelled values for the western 
Pliocene southern North Sea, retrodicted for the Coralline Crag region by Prof. Alan 
Haywood (Leeds University- details in Williams et al., 2005; Johnson et al., 2009).  
These values were applied to account for any localised evaporation and precipitation 
effects on the δ18Ow of the region (Williams et al., 2005; Johnson et al., 2009).  
Additionally, -0.2 ‰ and -0.5 ‰ values were applied to account for global average 
extremes of Pliocene δ18Ow (Buchardt & Simonarson, 2003; Johnson et al., 2009).  
The palaeotemperature results are shown in Table 17.  Using an extreme range of 
δ18Ow values from -0.5 ‰ to +0.5 ‰ meant that 53360 recorded an isotopic winter 
palaeotemperature minimum from between 5.0 ºC and 9.4 ºC, and 53361 recorded 
cooler winter minima from 4.6 ºC to 8.5 ºC (Table 17).  Using the same δ18Ow values,  
53360 exhibited summer maxima from between 12.5 ºC and 17.3 ºC,  and 53361 
recorded cooler summer maxima from between 10.8 ºC and 15.0 ºC (Table. 17).    
 
 
Table 17: The summer maximum and winter minimum palaeotemperatures recorded in the 
two Coralline Crag A. opercularis specimens. The calculated palaeotemperatures include the 
maximum and minimum δ18Ow.  
 
 
 
 
 
 
 
Specimen 
 
Max and Min  
Temperature (°C)   
At δ18Ow 
-0.5 ‰ 
 
 
Max and Min  
Temperature 
(°C)  at δ18Ow  
-0.2 ‰ 
 
Max and Min  
Temperature 
(°C)   
At δ18Ow  
+0.1 ‰ 
 
Max and Min  
Temperature 
(°C)   
At δ18Ow 
+0.5 ‰ 
 
UOD 
53360 
 
12.5 
5.0 
 
14.1 
6.4 
 
15.5 
7.8 
 
 
17.3 
9.4 
 
UOD 
53361 
 
10.8 
4.6 
 
12.1 
5.7 
 
13.3 
6.9 
 
 
15.0 
8.5 
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Chapter 15:  Interpretation of the A. opercularis results from the Ramsholt 
Member, Coralline Crag Formation.   
 
 
15.1: Interpretations 53360 
The lower δ13C and δ18O values recorded at 8 mm and 38 mm shell height (summer 
and winter interval respectively) could potentially represent storm events that 
increased the introduction of 16O and 12C from rainwater into the marine 
environment.  Furthermore, greater resuspension of detrital organic matter resulting 
from increased current activity produced during storm events may have increased 
the amounts of 12C in the marine environment and further lowered the δ13C values.  
Additionally, a marked decline in MIWs occurs and may show how the organism 
repeatedly retracted its mantle to protect itself in the increasingly disturbed benthic 
environment (Fig. 47a).   
 
A single-point sample of markedly higher δ13C and δ18O values (at shell height 33 
mm-1st autumn) may reflect a sampling error resulting from the calcite sample being 
contaminated by inner aragonite material, rather than a dramatic change in the 
marine environment.  This is proposed because inner aragonite material naturally 
exhibits higher isotope values, and contamination markedly increases the δ13C and 
δ18O values (Hickson, 1997).   
 
The summer MIWs are between 0.32-0.57 mm (5-point average at 10 mm to 33 mm 
shell height) and during the winter, the MIWs decline to 0.22-0.38 mm (shell height 
34 mm to 38 mm).  Therefore, the MIWs are not in an anti-phase relationship to the 
palaeotemperatures.  This is not the expected pattern as recognised by Johnson et 
al, (2009) from previously analysed Pliocene A. opercularis, which was linked to the 
potential effect of summer stratification.  However, the MIW record does not show 
the monthly periodicity exhibited by the modern Malaga A. opercularis from shallow 
waters, neither does the MIW pattern resemble the minor cycle periodicity described 
in MIW records of Holocene or other modern SNSB and Mediterranean Sea A. 
opercularis from shallow/agitated ocean environments (Johnson et al., 2009).  
Additionally, the range of MIWs is greater and the extreme MIWs are much wider 
than are recorded in such modern or Holocene A. opercularis.  These features of the 
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MIW profile support the idea that the water body of the Pliocene SNSB was less-
agitated and possibly exhibited greater water depths (Table 18), and therefore 
provided conditions suitable for the development of a stratified water body during the 
summer months.  Therefore, it is proposed that an unknown feature of the Ramsholt 
Member palaeoenvironment influenced this organism’s growth and its MIW profile in 
a stratified setting.    
 
15.2 Interpretations from 53361  
A single-sample (recorded shell height 8 mm) shows markedly higher δ13C and δ18O, 
and most likely represents a sampling error (as previously discussed in the 53360 
interpretations).   
 
Early in growth (between 4-9 mm shell heights), the δ13C, and δ18O are in-phase and 
proposals for why this occurred include: 
 
 Variations in the amounts of metabolic carbon and oxygen being incorporated 
into the younger outer shell material.  This occurs because of the overall 
smaller shell size meant that the internal deposition of shell material inside 
and outside the pallial line was less compartmentalised leading to the 
inclusion of internal shell material  (see the Pteriomorph model-Fig. 27) and 
this  produces a less stable isotope signal/record during early growth.   
 Additionally, because the younger organism exhibits markedly rapid growth to 
compensate for its vulnerability to predators, a faster growth rate may lead to 
a single sample containing multiple isotope signals, which may produce an in-
phase relationship between the δ13C and δ18O.  
 
 
The MIWs are in-phase with the isotopic palaeotemperatures, which corresponds to 
the results obtained from 53360.  These results are contrary to the MIW results 
previously recorded in Pliocene Coralline Crag A. opercularis investigated by 
Johnson et al.  (2009). However, the MIW extremes are much wider than those of 
the modern A. opercularis investigated in this study, which was from a shallow 
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marine environment.  Furthermore, the range is more comparable to the range of 
modern A. opercularis from a micro-tidal and stratified water setting (Table. 18).  
 
The MIW profile does not exhibit the minor oscillations as observed in the MIW 
profile from the Holocene SNSB proposed to reflect the influence of tidal cyclicity on 
the type and distribution of food supply in the benthic zone of a shallow and 
unstratified water setting.  Therefore, the MIW profile further supports the idea that 
the Ramsholt Member may have exhibited conditions conducive to summer 
stratification. 
 
 
Table 18: The maximum, minimum, and range of MIW of the A. opercularis specimens from 
the Coralline Crag, and the modern A. opercularis from Spain.  
 
A similar range in δ13C is exhibited over the summer and winter from ~+0.5 ‰ to 0.0 
‰, when excluding the δ13C values exhibited in early growth and any single-point 
anomalies.  This is an unexpected signal if this organism was situated in an 
environment that experienced seasonal stratification since seasonal changes in the 
isotopes should mirror the availability of benthic food supply triggered by the mixing 
and building of a seasonal thermocline   (Johnson et al., 2009).  Therefore,  a model 
is suggested, which may help understand why there is a predominantly flat δ13C 
Specimen Formation/Member Minimum 
MIW (mm) 
Maximum 
MIW  (mm) 
Range (MIW 
(mm) 
 
UOD 
53360 
 
Ramsholt Member, 
Coralline Crag 
Formation 
 
 
0.17 
 
0.66 
 
0.49 
 
UOD 
53361 
 
Ramsholt Member, 
Coralline Crag 
Formation  
 
 
0.20 
 
0.74 
 
0.54 
 
21996-a 
 
Rincon de la Victoria, 
Malaga,  Spain 
 
 
0.07 
 
0.35 
 
0.28 
 
21996-b 
 
Rincon de la Victoria,  
Malaga, Spain 
 
 
0.09 
 
0.36 
 
0.27 
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signal throughout the growth of a benthic organism situated in deeper water, which 
experiences minimal current activity and possible late-spring to late-summer 
stratification of the water body (Fig 51) 
 
 
 
 
 
Fig: 51: a model describing the influence of summer stratification on the δ13Cshell of benthic 
bivalves  
 
15.3: Palaeotemperature interpretations  
 
The isotopic palaeotemperatures provided further evidence of a mixed- temperature 
signal in the Coralline Crag Formation.  The results contrasted with the PRISM 
reconstructions and other biological proxies (dinoflagellate cysts, bryozoans, 
ostracods and planktonic foraminifera) which suggest either a warm-temperate or 
subtropical climate regime in the Pliocene SNSB (refer to Chapter 4- Pliocene North 
Sea).  The range of summer and winter palaeotemperatures corresponded more to 
the cold-temperate regime (winter 2.0-5.0 °C and summer 17.5-25.0 °C) as defined 
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by Krantz (1991).  Importantly, these data supported the oxygen thermometry results 
from previous investigations of A. opercularis (Johnson et al., 2009; Valentine et al., 
2011) which provided no evidence of a warm-temperate regime in the Pliocene 
SNSB.  
 
In applying the same δ18Ow extremes (-0.5 ‰, and +0.5 ‰) this produces seasonal 
ranges from 7.5 ºC to 7.9 ºC in 53360 and from 6.2 ºC to 6.5 ºC in 53361.  These 
seasonal ranges were less than the modern SNSB seasonal temperature range for 
surface waters of 11 ºC.  In relation to seasonal temperature ranges within a 
stratified setting as proposed by Austin, Cage & Scourse, (2006), this wider seasonal 
temperature range of 11 °C appears to correspond more with the seasonal 
temperature range recorded in a stratified modern North Sea, when compared to the 
smaller seasonal temperature range exhibited in non-stratified setting.  This further 
supports the idea of summer stratification in the Ramsholt Member.  
 
Additionally, the approximately 2 °C difference in the temperature extremes means 
that 53360 and 53361 may have been recording annual palaeotemperature 
extremes from different years.  
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Chapter 16: Results from the Pliocene Luchtbal Sands Member,  Lillo 
Formation.    
 
16.1: The SEM and Dickson Staining results from a Luchtbal Sands Member A. 
opercularis  
 
An example of the SEM image results from a Luchtbal Sands Member A. opercularis 
29710-11 is shown in Fig. 52, and the additional A. opercularis (29710-12 and 
29710-12) exhibited comparable results.  
 
 
Fig. 52: The SEM results from 29710-11.  Note the preserved shell microstructure, which is 
comparable to that of a modern A. opercularis (green arrow).   
 
The SEM image reveals a well-preserved shell microstructure (excluding areas of 
possible damage from the preparation process).  These results are comparable to 
the unaltered modern A. opercularis shell microstructure.   
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An example of a Dickson Staining result from a Luchtbal Sands Member A. 
opercularis (29710-11) is shown in Fig. 53 and 29710-12 and 29710-12 exhibited the 
same results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 53: The Dickson Staining results from 29710-11 A. opercularis from the Luchtbal Sands 
Member, Lillo Formation, Belgium.  The black arrows show the prominent microgrowth 
increments etched in the staining process 
 
 
29710-11 exhibits a pink-red stain and this is the expected response for unaltered 
calcite (Dickson, 1965; Dickson, 1966).  The results also revealed highly visible 
growth lines.  Since, the SEM and Dickson Staining showed evidence of a pristine 
shell microstructure and unaltered calcium carbonate it is unlikely that any post-
depositional diagenesis has occurred.  Therefore, any geochemical signals will be 
representative of palaeoenvironment experienced by the organism as it grew rather 
than being an artefact of diagenesis.   
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16.2: Results from the Luchtbal Sands Member, Lillo Formation A. opercularis  
 
The oxygen isotope, carbon isotope and MIW profiles for Pliocene A. opercularis 
specimens, Deurganckdok, Luchtbal sands, gerardi horizon, Lillo Formation, Belgium 
are illustrated in Fig. 54a-c and Table 19.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
165 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
166 
 
 
 
 
Fig. 54a-b:  Carbon isotope and oxygen isotope profiles (δ) and MIW measurements (mm) 
from three fossil A. opercularis 29710-11 (a) 29710-12, (b) 29710-12 (c) 29710-13- format 
follows Fig. 40.   
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Specimen 
 
δ18O 
max/ min 
(‰) 
 
Range 
δ18O (‰) 
 
δ13C 
max/ 
min 
(‰) 
 
Range 
δ13C  
(‰) 
 
MIW 
max 
/min 
(mm) 
 
MIW 
range 
mm) 
 
Mean 
MIW 
(mm) 
 
29710-11 
 
 
+2.52 
-0.13 
 
2.65 
 
+0.05 
+0.87 
 
0.82 
 
0.69 
0.13 
 
 
 
0.56 
 
0.34 
 
29710-12 
 
+2.12 
-0.04 
 
2.16 
 
+1.07 
+0.40 
 
0.67 
 
0.68 
0.12 
 
 
 
0.56 
 
0.34 
 
 
29710-13 
 
 
 
+2.26 
-0.06 
 
2.32 
 
+0.47 
+0.24 
 
0.23 
 
0.63 
0.13 
 
0.50 
 
0.39 
 
 
 
Table 19: The maximum, minimum and range of δ18O and δ13C (‰), and MIW (mm) of 
the Pliocene Luchtbal Sands A. opercularis specimens 29710-11, 29710-12, and 29710-
13. 
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16.3:  δ18O results 29710-11 
 
The profile exhibits a sinusoidal and cyclical pattern; the maxima and minima are 
+2.52 ‰ and -0.13 ‰, giving a δ18O range of 2.65 ‰ (Fig. 54a; Table 19).  There is 
evidence of a seasonal cycle of lower values in the summer and higher values in the 
winter.  The profile is relatively smooth; however, there is a single-point anomaly of 
markedly higher value of +1.34 ‰ (shell height 18.5 mm).  The first summer exhibits 
a minimum of -0.13 ‰, and in the second summer the minimum increases to -0.05 
‰.  The first spring, summer, autumn and winter, and the second spring, and the 
second summer have been isotopically analysed, which approximates to one and a 
half years of growth being represented in the profile (Fig.54a).   
 
16.3.1: δ18O results 29710-12 
The profile of 29710-12 is cyclical, exhibiting a maximum of +2.12 ‰ and a minimum 
of -0.04 ‰, giving a range of 2.16 ‰ (Fig.  54b; Table 19).  The first summer 
(between 7-20 mm shell height) encompasses four single-point anomalies situated at 
shell heights 10 mm (-0.04 ‰), 13.1 mm (-0.03 ‰), 16 mm (-0.15 ‰) and 20 mm 
(+0.28 ‰).  A spikier profile is recorded during early growth, the pattern that was also 
observed in other A. opercularis, including 53361.  A seasonal δ18O cycle is apparent 
with higher δ18O in the winter and lower δ18O in summer.  The profile implies that the 
first summer, spring, autumn and winter, the second spring, and the second summer 
have been isotopically analysed, approximating to one and a half years of growth.  
There is evidence of a summer ontogenetic effect, since the first summer δ18O 
minimum is -0.03 ‰, whereas the second summer minimum is +0.43 ‰ (Fig. 54b).  
 
16.3.2: δ18O results 29710-13  
The profile is cyclical and sinusoidal, and there is an observable seasonality of lower 
values in the summer and higher values in the winter (Fig. 54c).  It exhibits a 
maximum of +2.26 ‰ and a minimum of -0.06 ‰, giving a range of 2.32 ‰.  This 
profile is much spikier than recorded in 29710-11 and 29710-12.  Markedly higher 
values are recorded in the first summer at 11 mm and at 15 mm shell height.  A 
noticeably lower value is exhibited during the first winter (at 32 mm shell height), and 
a markedly higher single-sample value is recorded in the second spring (at 37 mm 
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shell height).  A single summer, autumn and winter are recorded in this profile 
implying that approximately nine months of the organism's lifespan has been 
recorded.  Only one summer and one winter are recorded; therefore, it is impossible 
to detect any winter or summer ontogenetic trends (Fig. 54c). The δ18O isotope 
profiles of the Luchtbal Sands A. opercularis are highly comparable with extremes 
values being recorded at similar portions of shell growth (Fig. 55).  A distinct and 
comparable seasonality is observable in all the profiles and there is evidence of 
corresponding seasonal ranges (Fig. 55; Table 19).   
 
 
 
 
 
 
Fig. 55:  δ18O results (‰) combined:  29710-11 are represented by the green line, 29710-12 
by the   orange line and 29710-13 by the light blue line –format as Fig. 49. 
] 
16.4: δ13C results  
 
In the context of seasonality (as expressed in the δ18O profiles) the δ13C profiles of 
29710-11 (Fig. 54a; Fig.57) and 29710-13 (Fig. 54c; Fig. 57) exhibit a less-
pronounced cyclical pattern and very little evidence of a seasonal signal.  The δ13C 
profile of 29710-12 exhibits more evidence of a seasonal signal with lower δ13C in 
the summer and higher δ13C in the winter (Fig.54a).  The values from 29710-11 are 
+0.87 ‰ and +0.05 ‰, giving a range of 0.82 ‰. The values from 29710-12 are 
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+1.07 ‰ to +0.40 ‰, exhibiting a range of 0.67 ‰, and the values from 29710-13 
are from +0.47 ‰ to +0.24 ‰, giving a range of 0.23 ‰ (Fig. 54a-c; Table. 19).  
 
Evidence of a possible ontogenetic trend is observed in 29710-11, whereby the 
values become increasingly lower during later ontogeny (Fig.  54a). It is impossible 
to detect an ontogenetic effect in 29710-13, since only one summer and one winter 
are recorded (Fig. 54c).   
 
The δ13C profile of 29710-11 is relatively flat with a single-point δ13C anomaly at 18.5 
mm shell height, whereby the values become markedly lower.  This change 
corresponds to a noticeably higher δ18O excursion, and a marked decline in MIW 
(Fig 54a).  29710-12 exhibits a spiky δ13C in early ontogeny (0.7 mm to 0.17 mm 
shell heights), which corresponds to a spikier δ18O, it then evolves into a flatter δ13C 
profile (Fig.  54b). The δ13C profile of 29710-13 is markedly flat throughout its 
ontogeny (Fig. 54c).   
 
All the δ13C profiles exhibit high comparability (when excluding the single-point 
anomalies) with extremes of higher and lower values being recorded at similar 
portions of shell height (Fig. 56).  This provides evidence that the δ13C profiles are (i) 
reflecting environmental features of the ocean the organisms existed in rather than 
being artefacts of the sampling process, and that (ii) the profiles represent 
concurrent time-intervals.  However, the δ13C values exhibit a greater range between 
the A. opercularis when compared to the δ18O.  This identifies the complex nature of 
δ13C, and in turn how the individual organisms spawning, metabolic carbon input, 
and food filtration rates influence the carbon component in the shell material.  
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Fig. 56: δ13C (‰) combined, 29710-11 is represented by the green line, 29710-12 by the 
orange line, and 29710-13 by the light blue line –format as Fig. 49 
 
16.5: MIW results. 
The MIWs of 29710-11 are wider in the winter and narrower in the summer and an 
anti-phase relationship between MIW and isotopic palaeotemperatures is recorded 
(Fig. 54a).  The MIWs (using a 5-point average) were from 0.28 mm to 0.40 mm 
during the 1st summer (at shell heights 14 mm to 22 mm).  An anomalous MIW 
measurement of 0.16 mm is recorded at 17.7 mm shell height, and in the first winter 
(from 23 mm to 32 mm shell height) the MIWs widen to between 0.40 mm and 0.59 
mm.  The maximum MIW is 0.69 mm and the minimum is 0.13 mm, giving a range of 
0.56 mm (Table. 19). 
 
The MIWs in 29710-12 exhibit an anti-phase relationship to the δ18O isotopic 
palaeotemperatures.  In the winter (shell section 0.12 mm to 0.53 mm shell height) 
the majority of the MIWs are from 0.40 mm to 0.50 mm, and during the second 
summer the MIWs narrow to predominantly 0.25 mm or below for the actual 
increment widths and 0.16 mm or below for the  5-point average      (Fig. 54b; Table 
19).  In the first autumn, there is evidence of accelerated growth (from 7 mm to 21 
mm shell height) and a widening of the MIWs recognises this.  The maximum MIW of 
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0.68 mm occurs at 25.4 mm shell height and during the first autumn period.  The 
minimum MIW of 0.12 mm is recorded during the first summer (at 10.7 mm shell 
height).  The range is 0.56 mm and is the same range exhibited by 29710-11.  There 
is no correspondence of δ18O extreme values to either the widest or the narrowest 
MIWs (Fig.  54b; Table 20).    
 
The MIWs from 27910-13 exhibit an anti-phase relationship to the isotopic 
palaeotemperatures throughout ontogeny (Fig. 54c).  Towards the late spring and 
early second summer (and in older growth) the MIWs become in-phase with the 
isotopic palaeotemperatures and this possibly reflects an ontogenetic trend.  The 
widest MIWs (from 0.35 mm to 0.63 mm) occur in the first winter (at shell heights 
25.2 mm to 35.1 mm).  During the first summer, the MIWs narrow to between 0.27 
mm and 0.42 mm (5-point average).  The maximum MIW is 0.63 mm (recorded 
during the first winter), the minimum is 0.13 mm (recorded during the first summer), 
and the range is 0.50 mm (Fig. 54c; Table.  20).   
 
The MIWs (5-point averages) of the A. opercularis exhibit high correspondence and 
29710-11 and 29710-12 exhibit the same mean MIW of 0.34 mm and the same 
range of 0.56 mm (Table.  20).   The MIW profiles of the A. opercularis are highly 
comparable, and wider and narrower MIWs are recorded at similar shell heights (Fig. 
57).  Additionally, a prevalent anti-phase relationship between the MIWs and isotopic 
palaeotemperatures is observed in all of the profiles (Fig. 54a-c).  In combination, 
these results are the expected response of organisms sourced from the same 
location that experienced similar palaeoenvironmental controls on growth in a 
concurrent time-interval (Fig. 57).  
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Fig. 57: MIW (mm) combined for 29710-11 the results are represented by the green line and 
for 29710-12 the orange line represents the results, and for 29710-13 the results are 
represented by the light blue line –format as Fig. 49.  
 
 
Table 20 reveals how the MIW extremes are wider in the Luchtbal Sands Member A. 
opercularis than the extremes exhibited by the shallow-water sourced modern A. 
opercularis (21996-a and 21996-b) investigated in this study.  The range of MIWs 
are from 0.50 and 0.56 mm (29710-13, and 29710-11 and 29710-12 respectively) 
and 50 % wider than the ranges of MIWs exhibited by 21996-a and 21996-b of 0.15 
mm and 0.16 mm, respectively.    
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Table 20: The maximum, minimum, and range of MIW (five-point average) of the Luchtbal 
Sands Member, Lillo Formation, A. opercularis and the modern A. opercularis from Malaga, 
Spain. 
 
16.6: Isotopic palaeotemperatures   
Isotopic temperatures were calculated by application of the O’Neil et al. (1969) 
calcite equation (see section 11.1- equation 6).  The range of δ18Ow (as applied to 
the Pliocene Coralline Crag specimens during palaeotemperature calculations) were 
reduced by 0.1 ‰. This was to compensate for the gradient of δ18Ow that occurs in 
the modern SNSB between the UK and mainland Europe resulting from the 
introduction of water with depleted δ18Ow from the Rhine River into the eastern 
SNSB, and which may have occurred during the Pliocene (Valentine et al., 2011).  
The palaeotemperatures using multiple δ18Ow are shown in table 21: 
 
 
 
 
Specimen 
 
Formation/Member 
 
Minimum MIW 
(mm) 
 
Maximum 
MIW  (mm) 
 
Range MIW 
(mm) 
 
 
29710-11 
 
Luchtbal Sands 
Member, Lillo 
Formation  
 
0.13 0.69 0.56 
 
29710-12 
 
Luchtbal Sands 
Member, Lillo 
Formation 
 
0.12 0.68 0.56 
 
29710-13 
 
Luchtbal Sands 
Member, Lillo 
Formation 
 
0.13 0.60 0.50 
 
21996-a 
 
Rincon de la 
Victoria, Malaga, 
Spain. 
 
 
0.07 
 
0.35 
 
0.28 
 
21996-b 
 
Rincon de la 
Victoria, Malaga, 
Spain. 
 
 
0.09 
 
0.36 
 
0.27 
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Table. 21: The summer maximum and winter minimum temperatures recorded in the three 
Luchtbal Sands A. opercularis specimens.  The calculated palaeotemperatures include the 
maximum and minimum δ18Ow.  
 
Applying the extreme range of δ18Ow values of -0.6 ‰, to +0.4 ‰ resulted in  
29710-11 exhibiting the warmest summer temperature maximum from 13.7.0-18.0 
ºC;   29710-13 recorded a slightly cooler summer maximum of 13.5-17.8 ºC and 
29710-12 exhibited the coolest summer maximum of 13.3-17.6 ºC (Table 21).  
29710-11 exhibited the coolest winter minimum from 3.2-7.0 ºC, 29710-13 exhibited 
a warmer winter minimum of 4.2-8.0 ºC, and warmer still was 29710-12, which was 
from 4.7-8.6 ºC.  29710-11 exhibited the greatest seasonal palaeotemperature range 
of between 10.5-11.0 ºC, followed by 29710-13 which was of between 9.3-9.8 ºC, 
and 29710-12 exhibited the smallest range, between 8.6-9.0 ºC (Table 21).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Specimen 
 
Max and min 
temperature (°C) 
at δ18Ow 
-0.6 ‰ 
 
 
Max and min 
temperature 
(°C)  at δ18Ow 
-0.3 ‰ 
 
Max and min 
temperature 
(°C) at δ18Ow 
+0.0 ‰ 
 
Max and min 
temperature 
(°C) at δ18Ow 
+0.4 ‰ 
 
29710-11 
 
13.7 
3.2 
 
15.0 
4.3 
 
16.3 
5.4 
 
 
18.0 
7.0 
 
29710-12 
 
13.3 
4.7 
 
14.6 
5.8 
 
15.9 
7.0 
 
 
17.6 
8.6 
 
29710-13 
 
13.5 
4.2 
 
14.7 
5.3 
 
16.0 
6.4 
 
 
17.8 
8.0 
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Chapter 17: Interpretations of the Luchtbal Sands Member A. opercularis 
results.  
 
17.1: 29710-11 
 
The δ18O of 29710-11 exhibits a markedly positive single-point value of +1.33 ‰ (at 
18.5 mm shell height), which was recorded during the summer.  This anomalous 
value corresponds to a trend of narrower MIWs to below 3 mm (5-point average 
between 17.2-20.4mm shell heights) and a lower δ13C value of +0.13 ‰.  These 
features combined may represent: 
 a sampling error 
 a possible trauma event influencing the organism’s behaviour, whereby the 
organism swims into cooler temperatures (higher  δ18O) and in closer 
proximity to any decaying material underneath the summer thermocline  
(lower δ13C ).  Additionally growth would be slowed/ stopped because of the 
swimming behaviour.   
 The organism is preparing for a spawning event, which could result in an 
alteration of the shell biochemistry and a slow-down or stoppage of growth 
(Wilkinson & Ivany, 2002; Heilmeyer et al., 2004).  Interestingly, modern A. 
opercularis from the NSB region spawn during the summer months and this 
further suggests evidence of a spawning event occurring at this time during 
the Pliocene A. opercularis growth.   
 
There is no evidence of a seasonal signal in the δ13C of 29710-11; it is a low 
amplitude signal that has a longer wavelength than its δ18O signal.  The values are 
all positive and between +0.04 ‰ and +0.86 ‰.  There is no seasonal change in the 
δ13C signal (during the autumn), which is consistent with a stratified setting (Fig. 51).   
 
The MIWs of 29710-11 (using a 5-point mean average MIW) are wider in the winter 
and narrower in the summer, reflecting an anti-phase relationship of MIWs to isotopic 
palaeotemperatures and proposed to reflect the influence of seasonal stratification 
on the food supplies available to a benthic A. opercularis (Chapter 8).  Specifically, 
resuspended detritus material or benthic dinoflagellates made available once the 
seasonal thermocline had been broken down in the autumn and early winter.  The 
thermocline breakdown would have allowed ventilation of the ocean floor, and 
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therefore promoted resuspension of the detritus material; hence, providing a winter 
food supply for the benthic bivalves and producing the wider MIWs during the winter 
(Fig. 51).    
 
17.2: 29710-12 
 
The first summer (recorded between 7 mm to 20 mm shell height) exhibits a more 
saw-toothed isotope profile with in-phase δ18O and δ13C peaks, a pattern that 
corresponds to the isotope profile trends recorded in 53360 and 53361.  This may 
reflect further evidence of an early growth effect.  The MIW pattern at this point in 
growth also shows a greater variability than elsewhere in the profile.   
 
17.3: 29710-13 
 
Out of all the Luchtbal Sand Member A. opercularis, 29710-13 exhibits the spikiest 
δ18O profile.  In early growth (and during the first summer) the δ18O isotope exhibits 
a more saw-tooth like pattern.  However, unlike 53361 or 29710-12 there is no 
association of these anomalies to the δ13C values and the departures in the δ
18O 
values are single-point anomalies from the main δ18O trend of higher values.  This 
includes a value of +0.36 ‰ recorded at 11 mm shell height, and a higher value of 
+0.28 ‰ recorded at 15mm shell height.  In all probability, these anomalies most 
likely result from sampling errors, and are potentially related to variations in sampling 
depths, which resulted in the contamination of the calcite samples with inner 
aragonite material that provides an 18O enriched δ18O signal (Hickson, 1997).   
 
The δ13C profile of 29710-13 exhibits no seasonal variation; it is flat, non-cyclical, 
and low-amplitude and exhibits only high δ13C values.  This is consistent with the 
model for a stratified setting (Fig. 51) 
 
The MIW profile exhibits an anti-phase relationship to isotopic palaeotemperatures 
throughout ontogeny.  However, from the beginning of the second summer to late 
third spring the MIWs become in-phase with the isotopic palaeotemperatures, which 
suggests an ontogenetic trend linked to a slowing of growth as the organism ages.  
Markedly wider MIWs are observed during the first autumn, which may imply the 
organism is feeding on resuspended POM or benthic dinoflagellates made available 
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due to the seasonal thermocline breakdown and reventilation of the ocean floor 
(Johnson et al., 2009),  and that the organism is adapting its feeding behaviours to 
benefit from this extra food supply.  There is no associated δ18O peak (maximum or 
minimum) with the widest or narrowest increment; therefore, palaeotemperature is 
unlikely to be exerting any control on growth.  
 
17.4: Palaeotemperature interpretations  
The isotopic palaeotemperatures provided further evidence of a mixed-temperature 
signal in the Luchtbal Sands Member.  The results contrasted with the PRISM 
reconstructions and other biological proxies (dinoflagellate cysts, bryozoans, 
ostracods and planktonic foraminifera) which suggest either a warm-temperate or 
subtropical climate regime in the Pliocene SNSB (refer to Chapter 4- Pliocene North 
Sea).  The range of summer and winter palaeotemperatures corresponded more to 
the cold-temperate regime (winter 2.0-5.0 °C and summer 17.5-25.0 °C) as defined 
by Krantz (1991).  Importantly, these data supported the oxygen thermometry results 
from previous investigations of A. opercularis (Johnson et al., 2009; Valentine et al., 
2011) which provided no evidence of a warm-temperate regime in the Pliocene 
SNSB.   
 
There is the potential that the A. opercularis are recording anomalous cool summers 
and simply reflecting the climate conditions of the time.  This cooler 
palaeotemperature signal also corresponds to intervals of cooler 
palaeotemperatures, which were proposed from dinoflagellates cyst and pollen 
assemblages obtained from the same member of the Lillo Formation (De Schepper 
et al., 2008).   
 
Finally, when applying the same δ18Ow extremes (-0.6 ‰, and +0.4 ‰) this produces 
seasonal ranges described below:  
 
 10.5 ºC  to 11 ºC in 29710-11 
 8.6 ºC to 9 ºC  in 29710.12 
 9.3 ºC 9.8 ºC in 29710.13 
 
179 
 
 Apart from 29710.11, which exhibited similar seasonal palaeotemperature ranges to 
the seasonal temperature range of the modern SNSB, the seasonal ranges were 
less than the modern range for surface waters of 11 ºC.  
 
17.5: Summary of the results  
 
The MIW profiles of the Luchtbal Sands Member A. opercularis do not exhibit the c. 
monthly oscillations recognised in Holocene A. opercularis from the SNSB.  This 
implies that tidal cycles are not exhibiting an effect on the A. opercularis growth 
linked with sediment disturbance and influence on food types and supplies (Johnson 
et al., 2009).  This suggests deeper and less-agitated water-depths occurring during 
deposition of the Luchtbal Sands Member.  Furthermore, the MIW ranges are similar 
to the modern Mediterranean Ocean A. opercularis, which were from a micro-tidal 
marine setting that exhibits seasonal stratification (Johnson et al, 2009).  This 
provides further evidence of unagitated and seasonally stratified ocean 
palaeoenvironment occurring in the Luchtbal Sands Member.  
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Chapter 18:   Pliocene A. opercularis from the Oosterhout Formation: Luchtbal 
Sands Member time-equivalent.   
 
18.1: Results  
 
The oxygen isotope, carbon isotope, and MIW profiles for Pliocene A. opercularis 
specimen (53364) from Ouwerkerk borehole (42H19-4/42H0039) from the 
Oosterhout Formation, Netherlands are shown in Fig. 58 and Table 22.  It is from a 
depth of 106 – 107.5 (m) which is proposed to be time-equivalent to the Luchtbal 
Sands Member (Wesselingh 2010, personal communication).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 58: Isotope profiles (δ) and microgrowth increment width measurements (mm) from a 
fossil A. opercularis specimen 53364- format as per Fig. 47. 
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Table 22: The maximum, minimum, and range of δ18O and δ13C (‰) and MIW (mm) of the 
Pliocene A. opercularis specimen 53364.  
 
 
18.2: δ18O results  
 
The profile exhibits a markedly cyclical pattern; the maxima and minima are +2.22 ‰ 
and -0.12 ‰, giving a range of 2.34 ‰ (Fig. 58; Table 22).  A seasonal pattern of 
lower δ18O in the summer and higher δ18O in the winter is observed.  The profile is 
exceptionally smooth excluding a markedly higher value recorded at shell height 35 
mm, which most likely represents a sampling error.  The first spring, summer, 
autumn and winter, and the second spring have been isotopically analysed, 
approximating to 15 months of growth being represented in the profile.  A single 
summer and winter are recorded; therefore, it is impossible to detect evidence of 
ontogenetic effects (Fig. 58).  
 
18.3: δ13C results  
 
The values extremes are from +1.86 ‰ and +0.07 ‰, giving a range of 1.79 ‰ (Fig. 
58; Table 22).  In the context of seasonality (as expressed by the δ18O profile) the 
δ13C exhibits a more pronounced cyclical pattern in early growth (between shell 
heights 0.3 mm and 18 mm), and it exhibits the greatest δ13C range from +2.00 ‰ to 
+0.40 ‰ at this point of shell growth.  There are four single-point anomalies in early 
growth occurring at shell heights 5 mm (higher δ13C to +1.86 ‰), 6 mm (lower δ13C 
of +1.22 ‰), 7 mm (higher δ13C of +1.60‰), and at 13 mm (higher δ13C of +0.71 ‰).  
During later ontogeny (winter season- shell height 27- 40 mm) a much flatter signal 
is observed and values are predominantly between +1.00 ‰ and +0.50 ‰.  There 
are four single-point anomalies recorded during the winter at 25 mm (higher δ13C of 
+0.75 ‰), and 30 mm (lower δ13C to +0.40 ‰) and these are associated with an 
 
Specimen 
 
 
δ18O 
max/ 
min 
(‰) 
 
 
Range  
δ18O 
(‰) 
 
δ13C 
max/ 
min 
(‰) 
 
Range 
δ13C (‰) 
 
 
MIW 
max 
/min 
(mm) 
 
MIW 
range  
(mm) 
 
53364 
 
 
+2.22 
-0.12 
 
2.34 
 
+1.86 
+0.07 
 
1.79 
 
0.49 
0.22 
 
 
0.27 
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increase of δ18O at shell height 30 mm.  The δ13C lowers to 0.31 ‰ at shell height 34 
mm and again to +0.29 ‰, at 36 mm shell height (Fig. 58).  
 
18.4: MIW results   
 
The MIW profile is a short record encompassing measurements from 27-43 mm shell 
height (Fig. 58).  From shell height 35-40 mm the MIWs become narrower to 
between 0.30 mm and 0.43 mm (using the 5-point mean value), which corresponds 
to higher  δ18O values and cooler temperatures (Fig. 58).   
 
 
18.5: Palaeotemperature results.  
 
Isotopic temperatures were calculated by application of the O’Neil et al. (1969) 
calcite equation (equation 6).  The resulting palaeotemperatures using multiple δ18Ow 
are shown in table 23.  
 
 
Specimen 
 
Max and min  
temperature (°C)   
at δ18Ow 
-0.6 ‰ 
 
 
Max and min  
temperature 
(°C)  at δ18Ow  
-0.3 ‰ 
 
Max and min  
temperature 
(°C)  at δ18Ow 
+0.0 ‰ 
 
Max and min  
temperature 
(°C)  at δ18Ow 
+0.4 ‰ 
 
53364 
 
 
13.7 
4.3 
 
 
15.0 
5.5 
 
16.2 
6.6 
 
18.0 
8.2 
 
Table 23: The summer maximum and winter minimum temperatures recorded in the 
Oosterhout Fm, Luchtbal Sands member equivalent A. opercularis specimen.   
 
Applying the extreme values of δ18Ow  of  -0.6 ‰ and +0.4 ‰ (in the 
palaeotemperature equation)  means that summer palaeotemperature maxima are 
between 13.7-18.0 °C and the winter minima are from 4.3-8.2 °C (Table. 23).  
  
 
 
 
 
 
 
 
183 
 
Chapter 19: Comparing the results Luchtbal Sands Member A. opercularis and 
the time-equivalent specimen from the Oosterhout Formation   
 
19.1: δ18O 
Note the high comparability of the profile shapes, the ranges and the seasonal peaks 
and troughs between 53364 and the A. opercularis from the Luchtbal Sands Member 
as illustrated in Fig. 59. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 59: δ18O (‰) combined of A. opercularis from the Luchtbal Sands Member  29710-11 
(green line), 29710-12 (orange line) and 29710-13 (turquoise line), and the Oosterhout 
Formation, Luchtbal Sands Member time-equivalent 53364(Brown-line format as Fig. 48.  
 
 
19.2: δ13C 
 
Note the low comparability of the 53364 profile shape during younger ontogeny 
(between shell heights 7-22 mm) and the Luchtbal Sands Member A. opercularis  
δ13C profiles (Fig. 60).  In later growth (between shell heights 25-43 mm) the profiles 
become more comparable to the Luchtbal Sands Member A .opercularis.  The 
seasonal δ13C peaks, troughs, and range are more pronounced and more variable 
than in the Luchtbal Sands Member A. opercularis.  However, the range decreases 
in later ontogeny (from 25 mm to 40 mm shell height) to +0.80 ‰ and +0.30 ‰ in all 
of the A. opercularis, which possibly represents an ontogenetic effect (Fig. 60).  
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Fig 60: δ13C (‰) combined of A. opercularis from the Luchtbal Sands Member 29710-11 
(green line), 29710-12 (orange line) and 29710-13 (turquoise line), and the Oosterhout 
Formation, Luchtbal Sands Member time-equivalent 53364 (brown line). 
 
19.3: MIW measurements  
Interestingly, 53364 exhibited a comparable MIW profile to the Luchtbal Sands 
Member A. opercularis and it exhibited the same mean and range of MIW as 29710-
11 and 29710-12.  Additionally, the peaks and troughs appear to correspond to 
comparable regions of shell growth across all of the profiles (Fig. 61).  These 
similarities imply that despite any regional differences that, the A. opercularis growth 
responses may be reflecting the influence of a less-localised signal.  
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Fig 61:  Five point averaged (trend line) microgrowth increments widths combined of A. 
opercularis from the Luchtbal Sands Member 29710-11 (green line), 29710-12 (orange line), 
and 29710-13 (turquoise line) and the Oosterhout Formation, Luchtbal Sands Member time-
equivalent 53364 (brown line). The dashed lines are the actual MIW measurements per 
specimen.  
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19.4: Interpretations  
 
In the context of seasonality (as provided by the δ18O) the δ13C of 53364 exhibits 
greater variability than the Luchtbal Sands Member A. opercularis.  This most likely 
relates to the influence of a different marine environment (including differences in 
productivity, DIC, POM).  Nonetheless, the highest δ13C values are recorded during 
early ontogeny (5 mm shell height).  This may relate to a potential vital effect, which 
was discussed in the interpretations of 53361 and 29710-11, whereby shell material 
contains a different level of metabolic carbon in early shell growth, or that there is an 
early–growth effect.   
 
The MIW profile from shell height 27-43 mm (first winter to early second spring) 
exhibits sections of anti-phase and in-phase relationships to the isotopic 
palaeotemperatures.  However, the profile is relatively smooth and does not exhibit 
the minor oscillations as described in the Holocene A. opercularis MIW profiles 
investigated by Johnson et al, (2009).  This data shows that the organism‘s growth 
pattern did not experience much influence from tidal cycles, and that it grew in 
deeper or unagitated water, or existed in a combination of these conditions.  The 
range of MIWs (0.27 mm) from 53364 is lower than the ranges of MIWs recorded in 
the Luchtbal Sands Member of 0.35 mm (29710-11), 0.35 mm (29710-12), and 0.33 
mm (29710-13).  However, the MIW extreme values and range suggest more 
comparability to MIW ranges and extreme values of the Luchtbal Sands Member A. 
opercularis rather than to the extreme MIW values or the range of MIWs from the 
modern shallow-water A. opercularis, investigated in this study.  
The maximum and minimum isotopic palaeotemperature from 53364 and the 
Luchtbal Sands specimens (29710-11, 29710-12 and 29710-13) are highly 
comparable (Fig. 62)    
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Fig. 62: The summer maximum and winter minimum palaeotemperatures from 53364 and 
the Luchtbal Sands Member A. opercularis using the extreme δ18Ow values of -0.6 ‰, and 
+0.4 ‰ (a) The summer maximum using -0.6 ‰ δ18Ow, (b) the summer maximum using 
+0.4 ‰ δ18Ow (c) the winter minimum using -0.6 ‰ δ
18Ow, and (d) the summer maximum 
using +0.4 ‰ δ18Ow.   
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The summer maximum (using the -0.6 ‰) are from 13.3-13.7 °C, and when using 
the +0.4 ‰ δ18Ow palaeotemperatures are from 17.6 – 18.0 °C (Fig. 62; Table 23).  
The winter minimum palaeotemperatures are more variable.  Minimum temperatures 
are from 3.2-4.7 °C (using the -0.6 ‰ δ18Ow value) and 7.0-8.6 °C, when using the 
+0.4 ‰ δ18Ow value.  The seasonal range of 53364 is 9.4 °C to 9.6 °C and is 
between 1.6 °C and 1.4 °C smaller than the range of surface-water temperature in 
the modern-day SNSB (Table. 23).   
 
These isotopic palaeotemperatures provide further evidence of a prevalent mixed- 
temperature signal in the Pliocene SNSB.  The results contrast with the proxy 
evidence of either a subtropical or warm-temperate climate regime in the Pliocene 
SNSB (Dowsett et al., 1991; Wilkinson, 1980; Wood et al.1995; Head, 1997; Balson, 
1999; Dowsett et al., 1999; Knowles et al., 1999; Williams et al., 1999; Haywood & 
Williams, 2005; Haywood et al., 2007).  Additionally, the recorded range of winter 
and summer palaeotemperatures is more comparable to a cold-temperate regime 
(winter from 2.0-5.0 °C and summer from 17.5 °C and 25.0 °C, Krantz (1991).  
However, when applying the extreme value +0.4 ‰ δ18Ow the winter minima were 
warmer than those expected for a cold-temperate regime.  Nevertheless, these 
temperatures are still cooler than warm-temperate winter values.  Importantly, these 
data provide supplementary evidence that different regions of the SNSB support the 
oxygen thermometry results from previous investigations of A. opercularis  i.e. they 
provide no evidence of a warm-temperate regime in the Pliocene SNSB (Johnson et 
al., 2009; Valentine et al., 2011).  Finally, the data are consistent with dinoflagellate 
evidence of cool conditions at the time of deposition of the Luchtbal Sands Member 
(De Schepper et al., 2008).   
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Chapter 20: Results from the Oorderen Sands Member, Lillo Formation   
 
20.1: The SEM and Dickson Staining results for the Oorderen Sands Member.  
 
An example of a SEM image from the Oorderen Sands Member, Lillo Formation A. 
opercularis 29710-10 is shown in Fig. 63.  The Dickson Staining result from the 
same specimen is shown in Fig. 64 and the additional A. opercularis from this 
member exhibited comparable results.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 63: A SEM image from an Oorderen Sands Member A. opercularis – 29710-10.   
 
The green arrows show areas of well-preserved foliated calcite microstructure, 
whereas the blue arrow shows a region that was damaged during the preparation 
process, and the red arrow shows the effect of charging (Fig. 63).  The SEM results 
from 29710-10 show a pristine microstructure that is comparable to the 
microstructure of the modern Malaga A. opercularis.  
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Fig. 64: The Dickson Staining results from 29710-10 an Oorderen Sands Member, Lillo 
Formation A. opercularis.   
 
The Dickson Staining results were comparable to the fossil Coralline Crag results, 
whereby the main body of the shell exhibited a pink-red stain (unaltered calcite) and 
the staining revealed highly visible growth lines (black arrows- Fig. 64).  There was 
further evidence of the black colouration (white arrow- Fig. 64) which did not match 
any colour response as recorded by Dickson (1965). This may have resulted from 
changes to the concentration/type of organics in the outermost shell material, or 
because of the glue used in the sectioning process being stained.   
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20.2:  Results: A. opercularis from the Oorderen Sands Lillo Formation, Belgium  
 
The oxygen isotope, carbon isotope and MIW profiles for Pliocene A. opercularis 
specimens from the Atrina Bed are illustrated in Fig. 65a-c and Table 24.  29710-09 
and 29710-10 are from the same locality, Vrasenedok, Oost-Vlaanderen, and are 
illustrated in (Fig. 65a-b).  D2-8 is from a different bed and locality, the Basal layer, 
Oorderen Sands, Lillo Formation, Deurganckdok, Belgium and is illustrated in  
Fig. 65c.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
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Fig. 65:  Isotope profiles (δ ‰) and microgrowth increment width measurements (mm) from 
three fossil A. opercularis specimens: (a) 29710-09, (b) 29710-10, (c) D2-8 - format as Fig. 
47. 
 
 
 
 
 
Specimen 
 
δ18O 
max/ 
min 
(‰) 
 
 
Range  
δ18O 
(‰) 
 
δ13C 
max/ 
min 
(‰) 
 
Range 
δ13C (‰) 
 
 
MIW 
max 
/min 
(mm) 
 
MIW 
range 
(mm)  
 
Mean 
MIW 
(mm) 
 
29710-09 
 
+2.54 
-0.58 
 
3.12 
 
+0.92 
+0.04 
 
 
 
0.88 
 
0.67  
0.14 
 
 
 
0.53 
 
0.38 
 
29710-10 
 
 
 
 
+2.41 
-0.52 
 
2.93 
 
+0.81 
-0.18 
 
0.99 
 
 
 
0.54 
0.18 
 
 
 
0.36 
 
0.32 
 
D2-8 
 
 
+2.43 
-0.65 
 
3.08 
 
 
+0.91 
+0.17 
 
0.74 
 
0.66 
0.10 
 
 
 
0.56 
 
0.28 
Table 24: the maximum, minimum and range of δ18O and δ13C (‰) and MIW (mm) of the Pliocene A. 
opercularis 29710-09, 29710-10 and D2-8. 
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20.2.1 δ18O results  
 
The profile of 29710-09 is cyclical and generally sinusoidal.  The maximum value is 
+2.54 ‰, the minimum is -0.58 ‰, and the range is 3.12 ‰ (Fig.  65a; table 24).  
The profile is exceptionally smooth.  A seasonal cycle is observed with higher δ18O 
values in the winter and lower δ18O values in summer.  It exhibits single-point 
anomalies at 9 mm, whereby the δ18O value is markedly lower than is suggested by 
the summer trend.  The first summer, autumn, winter, and the second spring, second 
summer, second autumn, and the second winter have been analysed, approximating 
to two years of growth.  The second summer exhibits higher δ18O than the first 
summer: +0.17 ‰ and -0.58 ‰, respectively (Fig. 65a).  
 
The δ18O profile of 29710-10 exhibits a maximum of +2.41 ‰, a minimum of -0.52 
‰, and a range of 2.93 ‰ (Fig.  65b; table 24).  This profile is spikier than the 
profiles of D2-8 and 29710-09.  It exhibits single-point anomaly at 12 mm shell 
height, whereby the δ18O values are markedly lower than is suggested by the winter 
trend.  The first winter, spring, and summer are recorded, approximating to nine 
months of growth.  Since, only a single summer and winter are recorded it is 
impossible to detect any ontogenetic effect (Fig.  65b).  
 
The profile of D2-8 is a smooth and a partial cycle (Fig. 65c).  The maximum δ18O is 
+2.43 ‰, the minimum is -0.65 ‰, encompassing a range of 3.08 ‰ (Fig. 65c; 
Table.  24). There is a seasonal effect of lower δ18O values in the summer and 
higher δ18O values in the autumn.  The first summer and the first autumn have been 
isotopically analysed approximating to six months of growth, therefore it is 
impossible to infer any ontogenetic trend from this profile (Fig. 65c).   
 
In summary, the profiles of 29710-09 and 29710-10 exhibit a high correspondence.  
This is the expected result because these A. opercularis are from the same bed and 
the same locality (Fig. 66).  The extreme δ18O are at analogous shell heights and 
suggest that these A. opercularis are recording the similar ranges in seasonal 
temperatures.  The δ18O profile of D2-8 is different, which is unsurprising, since this 
A. opercularis was from a different locality and it is probably recording a distinct 
seasonal δ18O trend. 
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Fig. 66: δ18O results combined of 29710-09 (peach), 29710-10 (brown) and D2-8 (purple) - 
format of Fig. 48. 
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20.2.2:  δ13C results  
 
The δ13C profile of 29710-09 exhibits a steady lowering of δ13C values to c. 40 mm 
ontogeny (Fig.  65a). The highest value of +0.92 ‰ is recorded during early growth 
at 9 mm shell height.  The lowest δ13C value of +0.04 ‰ is recorded at 38 mm shell 
height, and the range is 0.88 ‰ (Fig.  65a; Table 24).  The δ13C values show some 
cyclicity from 35 mm and 48 mm shell height.  The δ18O and δ13C are in-phase from 
shell height 42 mm and 46 mm (Fig. 65a).  
 
The δ13C of 29710-10 exhibits a maximum δ13C of +0.81 ‰, the minimum is -0.18 
‰, and the range is 0.99 ‰ (Fig. 65b; Table 24).  This profile exhibits peaks (lower 
values) and troughs (higher values) throughout ontogeny and there are lower values 
in the winter and higher values in the summer.  In the context of oxygen isotopes 
(providing a record of seasonality) only one winter and one summer are recorded; 
therefore, it is impossible to identify any ontogenetic effect (Fig. 65b). 
  
The δ13C profile of D2-8 exhibits a maximum δ13C of +0.91 ‰, a minimum of +0.17 
‰, and a range of 0.74 ‰ (Fig. 65c; Table 24).  The profile is markedly flat with very 
little seasonal variation, and there is evidence of a single-anomaly from the main 
trend at shell height 27 mm, whereby the value lowers (Fig. 65c). 
 
 In summary, 29710-10 exhibits the highest range and the most noise in its profile 
than D2-8 or 29710-09 (Fig. 67; Table 24).  The profiles of 29710-09 and 29710-10 
are more comparable in cyclicity, range, and seasonal variations than D2-8 is to 
either of these, and this is the expected response of A. opercularis obtained from the 
same horizon and bed.  However, the range and style of the profile from D2-8 is 
relativity comparable and possibly means a global carbon signal is being identified in 
the shell material.  Generally, the three profiles exhibit similarity for the shell-height 
range over which the isotopes have been measured.  The results suggests that the 
isotope profiles are recording environmental features of the ocean rather than being 
the result of any post-depositional diagenesis effect, or artefacts of the sampling 
process.    
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Fig 67: The δ13C results for 29710-09 are represented by the peach line. The brown lines 
are the 29710-10 results and the D2-8 results are represented by the purple line- format as 
Fig 48.   
 
20.2.3: The MIW results  
 
The MIWs in 27910-09 are in-phase with the isotopic palaeotemperature profile and 
the MIWs become wider with warmer palaeotemperatures and narrower during 
cooler palaeotemperatures (Fig.  65a).  In the first winter season (recorded between 
shell height 13.5-26 mm) the MIWs are between 0.25 mm and 0.32 mm (5-point 
average), whereas during the first summer (recorded between shell height 29-39 
mm) the MIWs are wider and are from 0.30 mm and 0.65 mm (5-point average).  
During the second winter (recorded from shell height 41-47 mm) the MIWs are 
narrower: between 0.25 mm and 0.37 mm (5-point average).  The maximum MIW is 
0.67 mm, the minimum is 0.14 mm, and the range is 0.53 mm (Fig. 65a; Table 24).    
 
The MIW profile of 29710-10 exhibits an anti-phase pattern between the MIWs and 
the isotopic palaeotemperatures throughout ontogeny.  Wider MIWs (from 0.38 mm 
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to 0.47 mm; 5-point average) are exhibited in the winter, whilst narrower MIWs are 
recorded during the summer interval (from 0.20 mm to 0.30 mm; 5 point average Fig.  
65b). There is a marked decline in average MIWs from 0.40 mm (recorded in the 
winter to early spring) to 0.20 mm (recorded during late spring and summer).  The 
maximum MIW width is 0.54 mm, the minimum is 0.18 mm, and the range is 0.36 
mm (Fig.  65b; Table 24).  
 
There are four cycles of growth in this profile, which are described below: 
 at shell height 4-11 mm (during the summer interval) the MIWs are narrow 
and between 0.15 mm and 0.33 mm (5-point average trend). 
 from 12-21 mm shell height (late summer to early autumn) the MIWs widen to 
between 0.25 mm and 0.45 mm (5-point average trend). 
 during mid to late autumn the MIWs become narrower from 0.22 mm and 0.35 
mm  
 from late autumn (shell height 25.5-30 mm) the MIWs are wider again and are 
between 0.25 mm and 0.42 mm (Fig. 65c).   
 
In D2-8, the maximum MIW is 0.66 mm, the minimum MIW is 0.10 mm, and the 
range is 0.56 mm (Table. 24).  
 
In summary, the range of MIWs (5-point averages) of D2-8 and 29710-10 are similar 
(Table 24).  However, it is important to note that D2-8 only exhibits a partial cycle 
(Fig. 65c).  29710-09 exhibits a less-noisy MIW profile than D2-8 and 29710-10 (Fig. 
68).  Furthermore, as shown by Fig. 68, 29710-09 exhibits a greater range of MIWs 
(0.45 mm; 5-point average) than D2-8 (0.27 mm; 5-point average) or 29710-10 (0.25 
mm; 5-point average).  There is no evidence of the c. monthly cyclicity as shown by 
the Holocene A. opercularis investigated by Johnson et al. (2009).    
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Fig. 68: 29710-09 (peach), 29710-10 (brown) and D2-8 (purple) MIW (mm) combined-format 
as Fig. 43.  
 
The Pliocene A. opercularis from the Oorderen Sands Member, Atrina bed, and 
Basal layer record larger minimum and maximum MIWs and a much greater MIW 
range than the shallow-sourced modern A. opercularis investigated in this study 
(Table.  25).  
 
 
 
 
Specimen 
 
Formation/Member 
 
Minimum 
MIW (mm) 
 
Maximum 
MIW  (mm) 
 
MIW range  
(mm) 
 
 
29710-09 
Atrina bed, Oorderen 
Sands Member, Lillo 
Formation  
0.14 0.61 0.53 
 
29710-10 
Atrina bed, Oorderen 
Sands Member, Lillo 
Formation 
0.18 0.54 0.36 
 
D2-8 
Basal layer, Oorderen 
Sands Member, Lillo 
Formation 
0.10 0.66 0.28 
 
21996-a 
Rincon de la Victoria, 
Malaga,  Spain 
 
0.07 0.35 0.28 
 
21996-b 
Rincon de la Victoria,  
Malaga, Spain 
 
0.09  0.36 0.27 
Table 25: The maximum, minimum, and range of MIW of the Oorderen Sands Member  
A. opercularis and the modern Spanish A. opercularis.    
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20.2.4: Isotopic palaeotemperatures  
 
The isotopic temperatures were calculated using the O’Neil et al, (1969) calcite 
equation (equation 6).  The values of δ18Ow (as applied to the Pliocene Coralline 
Crag Formation A. opercularis- Chapter 14) were reduced by 0.1 ‰ (details of which 
are described in Chapter 16).  The resulting palaeotemperatures using multiple 
δ18Ow are shown in table 26.  
 
 
Table 26: The summer maxima and winter minimum temperatures recorded in the three 
Oorderen Sands Member A. opercularis.  The calculated palaeotemperatures include the 
maximum and minimum for a range of δ18Ow.  
 
Applying the range of δ18Ow values between -0.6 ‰ and +0.4 ‰ means that D2-8 
indicates the warmest summer temperature maximum of between 16.0 ºC and 20.4 
ºC.  29710-09 and 29710-10 record slightly cooler maxima and these are between 
15.7 ºC and 20.1 ºC, and 15.4 ºC and 19.8 ºC respectively.  29710-09 exhibited the 
coolest winter minimum between 3.1 ºC  and  6.9 ºC, D2-8 exhibited a warmer 
minimum between 3.5 ºC and 7.3 ºC; warmer still was the minimum  recorded by 
29710-10, between  3.5 ºC and  7.4 ºC (Table 26).  
Using the same δ18Ow range resulted in 29710-09 exhibiting the greatest seasonal 
palaeotemperature range of between 12.6 ºC and 13.2 ºC.  The range from 29710-
 
Specimen 
 
Max and min  
temperature 
(°C)   
At δ18Ow 
-0.6 ‰ 
 
 
Max and min  
temperature 
(°C)  at δ18Ow  
-0.3 ‰ 
 
Max and min  
temperature 
(°C)   
At δ18Ow 
+0.0‰ 
 
Max and min  
temperature 
(°C)   
At δ18Ow 
+0.4‰ 
 
29710-09 
 
15.7 
3.1 
 
17.0 
4.2 
 
18.3 
5.4 
 
 
20.1 
6.9 
 
29710-10 
 
15.4 
3.5 
 
17.0 
4.2 
 
18.0 
5.9 
 
 
19.8 
7.4 
 
D2-8 
 
16.0 
3.5 
 
17.3 
4.6 
 
18.6 
5.8 
 
 
20.4 
7.3 
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10 was between 11.9 ºC and 12.4 ºC,   and the range from D2-8 was between 12.5 
ºC and 13.1 ºC.  Therefore, the seasonal range of 29710-11 is 1.6-2.2 º C greater 
than the modern-day SNSB seasonal extreme temperature range for surface waters,  
29710-10 is 0.6-1.4 º C greater and D2-8 is 1.5-2.1 º C greater (Table 26).  
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Chapter 21: Interpretations of the Oorderen Sand Member A. opercularis  
 
21.1 Interpretations 29710-09 
 
From between 35 mm and 48 mm shell height, and during the second winter the 
δ13C and δ18O exhibit lower values.  The depleted isotope signals correspond to a 
decrease in MIWs, which may imply the influence of winter storm events introducing 
increased levels of 12C and 12O into the marine environment and producing greater 
current agitation that disturbed growth/feeding, which resulted in the organism 
producing narrower MIWs.   
 
Excluding the marginal δ13C lowering attributed to storm events,  the δ13C signal 
from 29710-09 is generally flat and it matches the δ13C profiles from other Pliocene 
A. opercularis (including 53361, 53360, 29710-10 and D2-8) which suggest seasonal 
stratification (see Fig. 65a).  
 
The MIWs become markedly narrower at 45 mm shell height and this may reflect a 
rapid change in the palaeoenvironment, or a possible trauma event such as a 
predator attack.   
 
The MIWs are in-phase with the isotopic palaeotemperatures and follows the growth 
pattern described by Broom and Mason (1978).  However, Johnson et al. (2009) 
suggested that this type of signal occurs when A. opercularis are grown in non-
natural growing conditions i.e. non-benthic.  Therefore, this is apparently inconsistent 
with a stratified setting (e.g. 29710-11-section 17.1) and contrasts with other 
evidence from the Oorderen Sands Member (Valentine et al., 2011) for a stratified 
setting.  Since 29710-09 is the only shell from the Member with this pattern, it may 
be an anomalous signal.  
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21.2:  Interpretations 29710-10 
The MIW profile exhibits an anti-phase relationship to isotopic palaeotemperatures 
throughout ontogeny.  Wider MIWs are recorded in the winter, between 0.38 mm and 
0.47 mm (5-point average), whereas during the summer the MIWs decline to 
between 0.20 mm and 0.30 mm (5 point average). This is the expected growth 
response of an organism in a deeper and less-agitated water body as proposed by 
Johnson et al. (2009) and Fig. 65b.  During autumn to the first winter (11-18 mm 
shell height) the δ13C values are lower and the MIWs widen.  This may represent 
changes to the food type and supply corresponding to the breakdown of the 
seasonal thermocline and the resuspension of POM (which is naturally rich in 12C) 
resulting in lower δ13C values in the shell material (Johnson et al., 2009).  
 
Additionally, the organism may adapt its biological response to this newly available 
food supply by filtering for longer time-intervals in the winter than in the summer. 
Therefore, retraction of the mantle occurs less frequently resulting in the formation of 
wider MIWs (Fig. 65b).  This behavioural response may occur because of a slower 
metabolic rate in the winter, which is supported by the evidence of slower metabolic 
rates recorded in modern bivalves during the winter months (Laing, 2002).   
A decline in MIWs (at 36 mm shell height) corresponds to higher δ13C values.  This is 
proposed to reflect a spawning event.  Spawning events slow or stop the shell 
secretion process (Wilkinson & Invany, 2002; Heilmeyer, Brey & Portner, 2004).  
This process also changes an organism’s energy balance because of the production 
of gametes (Witbaard, 1996).  Therefore, spawning may influence how proportions of  
δ13CDIC and δ
13Cmetabolic  change in the shell material and this would produce a 
marked change in the δ13C values coupled with a decline in growth.  Importantly, 
29710-10 exhibits this trend during the summer months and previous research 
shows that spawning in modern North Sea bivalves occurs during the summer.  
However, this decline in MIWs may relate to a decreased availability or usability of 
food resources due to stratification (Johnson et al., 2009).   
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21.3: Interpretations: D2-8 
During the mid to late autumn (22-25 mm shell height), the MIWs are 0.22 mm and 
0.35 mm, and at shell height 25.5-30 mm (the late autumn) the MIWs widen to 
between 0.25 mm and 0.42 mm.  This change in MIWs supports the idea (as 
suggested in section 21.2) that this represents the availability of resuspended POM 
coupled with increased filtering time-intervals, and a slower metabolic rate in winter 
(Fig. 65c).  Moreover, despite increases in productivity during the summer months, 
warmer temperatures can prompt a faster metabolic rate in bivalves (Laing, 2002).  
Increases in metabolic rates and warmer temperatures place higher demands on an 
organism’s energy balance and may result in a negative scope for growth (Ansell & 
Sivadas, 1973- as described in Fig. 69).  This effect may be being represented by 
the narrower MIWs in the summer as shown in D2-8 (and by the other A. opercularis 
that exhibit this response).  Furthermore, in an environment that exhibits summer 
stratification any food supply (for the benthic organisms) would be decreased further, 
which may exacerbate the effect.   
 
 
 
 
 
Removed for copyright reasons: Fig 69: Negative scope for growth in bivalves- adapted 
Ansell & Sivadas (1973)  
 
 
The isotope profile recorded in D2-8 is only a partial cycle.  However, a more 
variable oxygen isotope pattern (saw-tooth like) is observed in very early growth 
(from 4 mm to 16 mm shell height), followed by a smooth trend to higher values of 
δ18O.  This pattern was also observed in 53361, 29710-09 and 29710-10, and 
suggests further evidence for an early-growth effect.  
 
The δ13C profile of D2-8 is flat and values predominantly fall between +0.5 ‰ and 
+1.0 ‰.  This flat δ13C signal may reflect seasonal stratification (Fig. 65c).  During 
the late autumn period (recorded between 25.5 mm and 30 mm shell height) the 
average MIW widens to between 0.25 mm and 0.42 mm.  This is a trend recognised 
in other A. opercularis in this investigation (e.g. 29710-10), and it is assumed to 
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represent the breakdown of stratification and improved circumstances for growth 
(Fig. 51).  
 
 
 
21.4: Palaeotemperature and MIW interpretations   
 
The cooler mean summer maximum isotopic palaeotemperatures recorded in the A. 
opercularis from this Member (calculated using -0.6 ‰ and +0.4 ‰ values for all the 
A. opercularis) are from 15.7 °C and 20.1 °C, and the mean average winter minimum 
palaeotemperatures using all the A. opercularis minimums are between 3.3 °C and 
7.2 °C  (Table 26).  The temperatures recorded from the Oorderen Sands Member 
(Table 26) are similar to those from the Luchtbal Sands Member (Table 21) and 
Ramsholt Member (Table 17) with both winter and summer values in the cool 
temperate range (except when calculated with an extreme δ18Ow of +0.4 ‰).  These 
results further support the idea of a mixed-temperature regime in the Pliocene 
SNSB.  The results contrast with other evidence of either a subtropical or warm-
temperate climate regime in the Pliocene SNSB.  
 
The MIW profiles of all the Oorderen Sands Member A. opercularis do not exhibit the 
minor oscillations supposed to suggest c. monthly cyclicity as recorded in the MIWs 
of Holocene A. opercularis.  Furthermore, they exhibit generally larger minimum and 
maximum values and wider ranges than the Holocene and modern A. opercularis in 
this investigation.  This implies a less agitated, deeper, and a seasonally stratified 
water body.  
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Chapter 22:  Results from the Oorderen Sands, Lillo Formation, Belgium. 
Arctica islandica  
 
22.1:   A. islandica SEM results from the Oorderen Sands, Lillo Formation, Belgium.  
 
Fig. 70 shows how 18201-01 exhibits a homogenous distribution of irregular shaped 
aragonitic granules (green arrows), which is representative of a well-preserved A. 
islandica shell microstructure (Stemmer, 2013).  Therefore, this specimen is unlikely 
to have experienced any post-depositional diagenesis.  Therefore, the carbon 
isotopes and the oxygen isotopes are unlikely to exhibit any diagenetic overprint, and 
should faithfully record the palaeoenvironmental features experienced by the 
organism as it grew.    
 
 
 
Fig. 70: The SEM images from the A. islandica 18201-01; (a-b) the green arrows indicate 
the well-preserved nacre structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
3 µm 
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22.2:  A. islandica results from the Oorderen Sands, Lillo Formation, Belgium. 
 
The oxygen and carbon isotope profiles for an A. islandica specimen from the Atrina 
Bed, Oorderen Sands, Lillo Formation, Belgium (18201-01) are illustrated in Fig. 71 
and Table 27.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 71:  Isotope profiles (‰) from a fossil A. islandica 18201-01.  The red line represents 
the δ18O, the black line represents the δ13C.   
 
 
 
Table.  27: The maximum, minimum and range of δ18O and δ13C (‰) recorded in the 
Oorderen Sands Member A. islandica 18201-01 
 
 
 
 
 
 
 
Specimen 
 
δ18O 
Max/ min 
(‰) 
 
 
Range  
δ18O (‰) 
 
δ13C max/ 
min 
(‰) 
 
Range 
δ13C (‰) 
 
 
18201-01 
 
 
+3.10 
+0.29 
 
 
2.81 
 
 
+2.93 
+1.74 
 
1.19 
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22. 2: δ18O and δ13C results  
 
The maximum δ18O is +3.10 ‰, and the minimum is +0.29 ‰, encompassing a 
range of 2.81 ‰ (Fig. 71; Table 27).  The isotope curve is generally sinusoidal and 
records evidence of distinct warm (lower δ18O values) and cool intervals (higher δ18O 
values) (Fig. 71).   
 
The maximum δ13C is +2.93 ‰, and the minimum is +1.74 ‰, giving a range of 1.19 
‰.  The profile exhibits a relatively flat signal and the majority of the values (from 
sample points 0-19) are between +2.00 ‰ and +3.00 ‰.  From sample points 20-27, 
the values lower to between 1.30 ‰  and 2.80 ‰ and the δ18O and δ13C profiles 
become in-phase (Fig.  71; Table 27).   
 
22.3:  Isotopic temperatures   
 
Isotopic temperatures were calculated by the application of the aragonite equation of 
Schöne et al. (2005) equation 7.  The resulting palaeotemperatures using multiple 
δ18Ow  as applied to both summer and winter δ
18O extremes are shown in table 28.  
 
Table.  28: The summer maximum and winter minimum temperatures recorded in the 
Oorderen Sands Member A. islandica 18201-01.  The calculated palaeotemperatures 
include values for the maximum and minimum δ18Ow.  
 
Applying the δ18Ow  values of  -0.6 ‰ and +0.4 ‰ in the palaeotemperature equation 
to summer and winter isotopic palaeotemperature extremes means that the maxima 
are between 15.8-20.2 ° C and the winter minima are between 3.6-8.0 °C; giving a 
seasonal range of  12.2 °C (table 28).  This seasonal temperature range is higher by 
1.2 °C than the modern seasonal range of the surface waters of present-day SNSB.   
 
 
Specimen 
 
Max and min  
temperatures (°C)   
at δ18Ow 
-0.6 ‰ 
 
 
Max and min  
temperatures 
(°C)   
at δ18Ow  
-0.3 ‰ 
 
Max and min  
temperatures 
(°C)   
at δ18Ow  
+0.0 ‰ 
 
Max and min  
temperatures 
(°C)   
at δ18Ow 
+0.4 ‰ 
 
18201-01 
 
15.8 
3.6 
 
 
17.1 
4.9 
 
18.4 
6.2 
 
 
20.2 
8.0 
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22.4: Interpretations 18201-01 
The minimum recorded winter palaeotemperature from 18201.01 (is, according to 
the δ18Ow value used, between -0.6 ‰ and +0.4 ‰) 3.6 °C and  8.0 °C, and is 
therefore comparable to the minimum winter palaeotemperatures recorded in 29710-
09 (between 3.1 °C  and 6.9 °C), 29710-10 (between 3.5 °C and 7.4 °C) and D2-8 
(between 3.3 °C and  7.3 °C).  The maximum palaeotemperatures recorded (using 
the same δ18Ow values) are between 15.8 °C  and  20.2 °C and are comparable to 
the summer maximum recorded of 29710-09 (15.7 °C to 20.1 °C), 29710-10 (15.4 °C 
to 19.8 °C) and D2-8 (16.0 °C to 20.4 °C). Importantly, the seasonal 
palaeotemperature range (using all δ18Ow values) of 18201.01 is 12.2 °C, which is 
comparable to the seasonal ranges of 29710-09 (12.6 °C to 13.2 °C), 29710-10 (11.9 
°C to 12.4 °C) and D2-8 (12.5 °C to 13.1 °C). These seasonal ranges are greater 
than found in the modern day SNSB.  Additionally, these results reveal further 
evidence for the temperature regime of the Pliocene SNSB being closer to cold-
temperate rather than warm-temperate (as defined by Krantz, 1991).   
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Chapter 23: results from an Atrina fragilis from the Oorderen Sands Member, 
Lillo Formation, Belgium.  
 
23.1: The SEM results from A. fragilis, Oorderen Sands, Lillo Formation 
 
Fig. 72 is a SEM image from the Oorderen Sands, Lillo Formation A. fragilis (53348). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 72:  A. fragilis 53348 from the Atrina bed, Oorderen Sands Member, Lillo Formation; the 
green arrows show areas of well-preserved unaltered aragonite microstructure. 
 
The SEM image reveals a well-preserved laminated nacre structure in the shell 
microstructure, which is recognised as undistorted blocks and rows (shown by the 
green arrows in Fig. 72).  From this, it is assumed that post-depositional diagenesis 
has not altered the original isotope signals, and therefore they will be representing 
the palaeoenvironment the organism experienced as it secreted its shell.  
 
 
23.2: Results: Atrina fragilis from the Oorderen Sands, Lillo Formation, Belgium.  
 
The oxygen and carbon isotope profiles for an A. fragilis from the Atrina bed, 
‘Scaldisian Zone a’, Oorderen Sands, Lillo Formation, Vransendok Belgium are 
illustrated in Fig. 73 and Table 29 below: 
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Fig. 73:  Isotope profiles (‰) from a fossil A. fragilis (53348).  The red line represents the 
δ18O and the black line shows δ13C.  Shell height is measured from dorsal to ventral margin 
(mm).  
 
 
 
 
 
 
 
 
 
Specimen 
 
δ18O 
Max/ min 
(‰) 
 
 
Range of  
δ18O (‰) 
 
δ13C max/ 
min 
(‰) 
 
Range of  
δ13C (‰) 
 
 
53348 
 
+2.90 
+1.72  
 
 
 
1.18 
 
+3.25 
+2.44 
 
 
 
0.81 
Table 29: The maximum, minimum, and the range of δ18Oand δ13C (‰) of the Pliocene A. 
fragilis (53348) 
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23.2.1:.δ18O and δ13C results 
 
The maximum δ18O is +2.90 ‰; the minimum is +1.72 ‰, encompassing a range of 
1.18 ‰ (Fig. 73; Table 29).  The isotope curve is smooth within the limits of the small 
number of samples analysed.  The oxygen and carbon isotopes are in-phase.  Within 
the limits of the data, the profile is cyclical, and there is a culmination of a trough at 
shell height 46 mm, whereby the δ18O exhibit markedly higher values.  The δ18O 
profile is decidedly low amplitude, with the majority of δ18O values being below +2.00 
‰.  This specimen was very fragile and it shattered easily during the sampling 
process; hence, there is a high possibility of sample contamination, whereby, material 
from different shell growth periods may have been included in a single sample.  
Furthermore, the individual sample grooves may have contained several sublayers 
of nacreous material.  Therefore single isotope samples may potentially contain 
material from different periods of shell growth or represent a whole season, and this 
would have produced the truncated, low amplitude profile.  Consequently, it is 
unlikely that this specimen provides a time-series dataset, in contrast to the other 
bivalve specimens sampled.  
 
The δ13c profile exhibits a maximum value of +3.25 ‰, and a minimum value of 
+2.44 ‰, encompassing a range of 0.81 ‰.  Seeing that the isotope curve exhibits 
low amplitude, it may potentially be representing the results of sample contamination 
or the inclusion of multiple growth periods, or a whole season (see above for the 
rationale for this).  The δ13C values are lower later on in ontogeny, and this may be 
an ontogenetic, rather than environmental trend. 
 
23.2.3: Isotopic temperatures   
Isotopic temperatures were calculated by the application of the aragonite equation of 
Schöne et al. (2005) equation 7. The resulting palaeotemperatures using multiple 
δ18Ow as applied to both summer and winter δ18O extremes are shown in table 30 
below:  
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Table 30: The summer maximum and winter minimum temperatures recorded in the 
Oorderen Sands A. fragilis specimen.  The calculated palaeotemperatures include the 
maximum and minimum δ18Ow.  
 
When applying the range of δ18Ow values from -0.6 ‰, to +0.4 ‰ (the summer 
maximum palaeotemperatures are from 10.5 °C to 14.0 °C,  and the winter minimum 
is from 5.4°C to 8.8 °C (Table 30).  The seasonal range using the same values is 
from 5.1 °C to 5.2 °C.  The palaeotemperature range is very truncated, and 
potentially represents contaminated samples, or samples which include multiple 
time-periods, or a single season of growth.  Therefore, the isotopic 
palaeotemperatures are unlikely to represent the seasonal palaeotemperature 
extremes.  
 
23.3:  Interpretations of 53348  
While the isotopic data have probably not been influenced by diagenesis, the 
truncated profiles do not provide a complete representation of seasonal temperature 
variation.  Nevertheless, the extreme values are within the range obtained from other 
taxa and therefore do not conflict with the general picture of cold-temperate 
conditions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Specimen 
 
Max and min  
temperature (°C)   
at δ18Ow 
-0.6 ‰ 
 
 
Max and min  
temperature 
(°C)  at δ18Ow  
-0.3 ‰ 
 
Max and min  
temperature 
(°C)   
at δ18Ow  
+0.0 ‰ 
 
Max and min  
temperature 
(°C)   
at δ18Ow 
+0.4 ‰ 
 
53348 
 
10.5 
5.4 
 
 
11.8 
6.7 
 
 
12.2 
7.1 
 
 
14.0 
8.8 
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Chapter 24: Results for Pygocardia rustica from the Oorderen Sands Member, 
Lillo Formation, Belgium.  
 
24.1: Results  
 
The oxygen and carbon isotope profiles for a P. rustica specimen from the Atrina 
bed, Oorderen Sands, Lillo Formation, Vrasenedok, Belgium, (29710-04) are 
illustrated in Fig. 74 and Table 31. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 74:  Isotope profiles (‰) from P. rustica specimen 29710-04.  The red line represents 
the δ18O and the black line represents δ13C.  Note that the isotope axis has been reversed 
and that the samples are numbered from the umbo towards the ventral margin of the 
specimen 
 
 
 
 
 
Specimen 
 
δ18O 
Max/min 
(‰) 
 
 
Overall 
range  
δ18O (‰) 
 
δ13C 
Max/min 
(‰) 
 
Overall 
Range 
δ13C (‰) 
 
 
29710-04 
 
+2.72 
+0.27 
 
2.45 
 
+1.26 
+0.71 
 
 
 
0.55 
Table 31: the maximum, minimum and range of δ18O and δ13C (‰) of the Oorderen 
Sands Member P. rustica 29710-04. 
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24.1.2: δ18O and δ13C results  
 
The maximum δ18O is +2.72 ‰, and the minimum is +0.27 ‰, encompassing a 
range of 2.45 ‰ (Fig.74; Table 31).  The curve is relatively smooth and it exhibits a 
sinusoidal-style profile with higher δ18O intervals (cooler) and lower δ18O (warmer) 
intervals (Fig. 74).     
 
The maximum δ13C in 29710-04 is +1.26 ‰, and the minimum is +0.71 ‰, 
encompassing a range of 0.55 ‰.  In the context provided by the δ18O profile, it does 
not show a seasonal signal (Fig. 74; Table 31).   
 
The δ18O and δ13C exhibit an in-phase relationship on 5 occasions at samples 6, 10, 
19b and 28, whereby with lower δ18O values there is a lowering of δ13C values.   
 
 
24.1.3: Isotopic temperatures   
 
Isotopic temperatures were calculated by application of the Schöne et al. (2005) 
aragonite equation (equation 7).  The resulting palaeotemperatures using multiple 
δ18Ow as applied to both summer and winter palaeotemperatures are shown in table 
32.  
 
 
Table 32: The summer maximum and winter minimum temperatures recorded in the 
Oorderen Sands Member P. rustica.  The calculated palaeotemperatures include values 
based on the maximum and minimum δ18Ow.  
 
Applying the range of δ18Ow values of -0.6 ‰ and +0.4 ‰ in the palaeotemperature 
equation means that summer maxima are between 16.1 °C and 20.4 °C,  and the 
 
Specimen 
 
Max and min  
temperatures (°C)   
at δ18Ow 
-0.6 ‰ 
 
 
Max and min  
temperatures 
(°C)  at δ18Ow  
-0.3 ‰ 
 
Max and min  
temperatures 
(°C)   
at δ18Ow +0.0 ‰ 
 
Max and min  
temperatures 
(°C)   
at δ18Ow 
+0.4 ‰ 
 
29710-04 
 
16.1 
5.3 
 
17.2 
6.8 
 
18.7 
7.9 
 
 
20.4 
9.6 
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winter minima are between 5.3 °C and 9.6 °C (table 32).  The annual temperature 
range is between 10.4 °C and 10.8 °C 
 
 
24.2:  Interpretations of 29710-04  
 
The δ13C values exhibits lower amplitude than the δ18O profile.  In order to determine 
if the P. rustica may be exhibiting a vital effect it is important to compare its seasonal 
ranges to the unaltered aragonite shell material of (A. islandica 18201-01) from the 
Oorderen Sands Member. The palaeotemperature results from 29710-04 have not 
been compared to the      A. fragilis (53348) results because of the possibility that 
they are time-averaged over as much as a whole season (section 23.2.1).  The 
seasonal palaeotemperature range obtained from 29710-04 are 10.4 °C and 10.8 °C 
depending on δ18Ow,  which are slightly lower than the 12.2 °C range from 18201-01 
(using the same δ18Ow values). The winter minima from 29710-04 are between 5.3 
°C and 9.6 °C and are slightly warmer than the winter minimum palaeotemperatures 
recorded in 18201-01 from 3.6 °C and 8.0 °C. The calculated summer 
palaeotemperatures for 29710-04 are between 16.1 °C and  20.4 °C, which are 
markedly similar to the summer maxima recorded in the 18201-01of 15.8 °C-20.2 °C.  
The results correspond to the cooler than expected summer palaeotemperatures as 
recorded by A. opercularis and A. islandica from the same member, which suggests 
that the cold-temperate benthic palaeotemperature signal is a prevalent one rather 
than an exceptional result.   
 
The fact there is evidence of correspondence between the two-aragonite specimens 
is an important result because it refutes the notion of a vital effect in P. rustica 
(Buchardt & Simonarson 2003).  Therefore, this species, which occurs in other 
Pliocene marine deposits of the SNSB, could be used for obtaining isotopic 
palaeotemperatures in this interval and other locations.   
 
Additionally, the temperature tolerance of P. rustica has been compared with that of 
A. islandica, and adult modern forms do not often survive temperatures of 20 °C or 
more (Witbaard, 1996). Therefore, the isotopic palaeotemperatures above this value, 
which is recorded in both species and is obtained using a value for δ18Ow of +0.4 ‰, 
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seems to suggest that this δ18Ow value is inappropriate for use in Pliocene 
thermometry of the SNSB.  
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Chapter 25:  Results from an A. opercularis from the Oosterhout Formation, 
Oorderen Sands Member, Lillo Formation time-equivalent. 
 
25.1: Results  
 
The oxygen isotope, carbon isotope and MIW profiles for an A. opercularis from the 
Ouwerkerk borehole 42H19-4/42H0039, Oosterhout Formation, Netherlands are 
shown below in Fig. 75 and Table 33.  It is from a depth of 98.50 – 99.50 (m) which 
is proposed to be time-equivalent to the Oorderen Sands Member (Wesselingh, F, 
2010, personal communication).  
 
 
 
Fig. 75:  Isotope profiles (‰) from 53347. The red line represents the δ18O and the black line 
represents δ13C.  Note that the isotope axis has been reversed and that the samples are 
numbered from the umbo towards the ventral margin of the specimen 
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Table 33: The maximum, minimum and range of δ18O and δ13C (‰); and MIWs (mm) of 
53347.  
 
 
25.2:  δ18O results  
 
The profile exhibits a partial cycle.  The maximum and minimum values are +1.31 ‰ 
and -0.21 ‰, giving a range of 1.52 ‰.  During early growth (from shell height 4-14 
mm) the profile exhibits four single-point anomalies.  At shell height 4.5 mm a 
lowering to 0.00 ‰ occurs, at 6.2 mm a higher δ18O is recorded of +0.07 ‰, at 10.2 
mm the δ18O exhibits a value of -0.02 ‰, and at 14 mm the δ18O lowers to -0.19 ‰.  
The profile exhibits less variation in later growth,  and only two single-point 
anomalies are recorded at 18 mm shell height (a lowering to -0.13 ‰),  and at 21 
mm (shell height),  whereby the values lower to -0.12 ‰.  From shell height 25-33 
mm the profile is exceptionally smooth.  The first summer and autumn have been 
isotopically analysed, approximating to 6-8 months of growth.  Therefore, it is 
impossible to detect any winter or summer ontogenetic trends (Fig. 75; table 33).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Specimen 
 
δ18O 
max/ 
min 
(‰) 
 
 
Range  
δ18O 
(‰) 
 
δ13C 
max/ 
min 
(‰) 
 
Range 
δ13C (‰) 
 
 
MIW 
max 
/min 
(mm) 
 
Range 
of MIW 
(mm) 
 
Mean 
MIW 
 (mm) 
 
53347 
 
+1.31 
-0.21 
 
1.52 
 
+1.05 
- 0.04 
 
 
1.09 
 
0.62 
0.23 
 
0.39 
 
0.35 
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25. 3: δ13C results.  
In the context of seasonality (as expressed in the δ18O profile), the δ13C profile 
exhibits evidence of distinct summer and autumn periods.  The highest δ13C values 
are in early summer.  The δ13C values then lower and during the mid-summer they 
virtually flat-line, and higher values are recorded in the autumn.  The profile exhibits 
the greatest range in early ontogeny (between shell height 4 mm and 7.2 mm).  A 
single- point anomaly occurs at 6.2 mm shell height, whereby the δ13C becomes 
markedly higher to +0.65 ‰, and this change is associated with a higher δ18O value 
The δ13C markedly lowers at shell height 18 mm to +0.08 ‰ and is associated with a 
corresponding lowering in the δ18O values.  The profile is less variable between shell 
heights 9.2-23 mm (excluding any single-sample anomalies).  Higher δ13C values 
(+0.25 ‰ and +0.49 ‰) are recorded in later ontogeny (between shell height 31-32 
mm) (Fig. 75; table 33).   
 
25.4: The MIW results  
The MIW record is short and only represents growth between 21 mm and 34 mm 
shell height (late summer and autumn-Fig. 75).  The profile exhibits a flat signal and 
the majority of the measurements are between 0.30-0.40 mm (5-point average).  The 
minimum MIW is 0.23 mm, the maximum is 0.62 mm, and the range is 0.39 mm 
(Table.  33).    
 
 
25.5: Comparing the results from the A. opercularis from the Oorderen Sands and 
Oorderen Sands-equivalent 
Fig. 76 illustrates how the δ18O profile of 53347 (green line -Fig. 76) compares to the 
δ18O profiles of A .opercularis from the Oorderen Sands.  Note the high comparability 
(during the summer) in the profile shapes, the ranges and the values of D2-8 (purple 
line- Fig. 76) and 53347 (green line- Fig. 76).  However, the δ18O profile from 53347 
shows that this organism grew more in the summer interval than the A. opercularis 
from the Oorderen Sands Member.  Note how the δ18O profiles exhibit greater 
variability during early growth (0-20 mm) in all of the A. opercularis. 
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Fig 76: The oxygen isotope values (δ) from the Oorderen Sands Member A. opercularis and 
the Oosterhout Formation A. opercularis. D2-8 is represented by the purple line, 29710-09 is 
represented by the cream line, 29710-10 by the maroon line and 53347 by the green line.   
 
Fig. 77 shows how the profile of δ13C from 53347 (represented by the green line) 
compares to the δ13C profiles from A. opercularis from the Oorderen Sands.  Note 
the high comparability of profile shape, range, and the values of all the profiles 
between 10 mm and 30 mm shell height. 
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Fig. 77: The carbon isotope values (δ) from the Oorderen Sands Member and the 
Oosterhout Formation time-equivalent A. opercularis. D2-8 is represented by the purple line, 
29710-09 is represented by the cream line, 29710-10 by the maroon line and 53347 by the 
green line.   
 
 
The maximum MIW (0.62 mm) of 53347 is respectively 0.05 mm narrower, 0.08 mm 
wider and 0.04 mm narrower than the maximum MIW from 29710-09, 29710-10, and 
D2-8.  The minimum MIW (0.23 mm) of 53347 is respectively 0.09 mm wider, 0.05 
mm wider and 0.13 mm wider than the minimum MIW from 29710-09, 29710-10, and 
D2-8.  The range of MIW (0.39 mm) of 53347 is respectively 0.14 mm narrower, 0.03 
mm narrower and 0.17 mm narrower than the range of MIW from 29710-09, 29710-
10 and D2-8 (Fig. 78; Table 34).   
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Fig. 78: The MIWs (mm) from the Oorderen Sands Member A. opercularis and the 
Oosterhout Formation A. opercularis. D2-8 is represented by the purple line, 29710-09 is 
represented by the cream line, 29710-10 by the maroon line and 53347 by the green line. 
  
 
 
Table 34: The maximum, minimum and range of MIWs (five-point average mm) of the 
Oorderen Sands A. opercularis, and the Oosterhout Formation A. opercularis, and the 
modern Spanish A. opercularis.   
Specimen Formation/Member Minimum (5-
point 
average) MIW 
(mm) 
Maximum (5-
point average) 
MIW  (mm) 
Mean (5-point 
average) MIW 
(mm) 
 
29710-09 
Atrina bed, Oorderen 
Sands Member, Lillo 
Formation  
0.20 0.63 0.43 
 
29710-10 
Atrina bed, Oorderen 
Sands Member, Lillo 
Formation 
0.22 0.45 0.23 
 
D2-8 
Basal layer, Oorderen 
Sands Member, Lillo 
Formation 
0.17 0.46 0.29 
 
53347 
Oorderen Sands Member 
time-equivalent- 
Oosterhout Formation 
 
0.62 
 
0.23 
 
0.35 
 
21996-a 
Rincon de la Victoria, 
Malaga,  Spain 
 
0.07 
 
0.35 
 
0.15 
 
21996-b 
Rincon de la Victoria,  
Malaga, Spain 
 
0.09 
 
0.36 
 
0.16 
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53347 exhibits MIW extremes that are wider than the MIW extremes exhibited by the 
modern shallow-water sourced A. opercularis investigated in this study.  However, 
the mean MIW from the Oorderen Sands Member A. opercularis is comparable to 
means exhibited by the A. opercularis from the Atrina Bed, Oorderen Sands 
Member, and suggests that the sea environment of the Oosterhout Formation was 
similar to those experienced by A. opercularis from this member (Table 34).  
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Chapter 26: Interpretations of A. opercularis 53347 
26.1:  Interpretations of 53347 
The δ13C from 53347 exhibits a greater range of values during early ontogeny (from 
4 mm to 7.2 mm shell height).  This isotope variation has been assumed to reflect an 
early-growth effect exhibited by A. opercularis.  
 
A single-point anomaly occurs at 6.2 mm (shell height), whereby the δ13C value 
becomes higher, and this is associated with a higher δ18O value at the same shell 
height and suggests a sampling error (Fig. 75).  The δ13C values lower at shell height 
18 mm, and this is associated with a corresponding lowering of the δ18O profile, this 
may imply the influence of a storm event introducing 12C and 18O into the marine 
environment, or a sampling error.  
 
The MIW range from 53347 appears to conflict with the idea that this organism was 
from a palaeoenvironment comparable to the Oorderen Sands (i.e. low energy, deep 
water, and possibly seasonally stratified).  However, differences between the MIW 
profiles are expected because 53347 was from a different locality and formation.  
Furthermore, it only recorded a partial MIW profile (from 21mm and 34 mm shell 
height), which did not span a winter period and winter is the expected season for the 
widest MIW to be recorded (under the assumption that a marine setting exhibited 
seasonal stratification -Johnson et al., 2009).  
 
26.2: 53347 Palaeotemperatures 
 
The winter minimum palaeotemperatures of 8.6 °C and 11.2 °C (using the extreme 
δ18Ow of -0.6 ‰ and +0.4 ‰- table 35) are markedly warmer than the winter minima 
from Oorderen Sands Member  A. opercularis, which recorded from 3.1 °C to 6.9 °C 
(29710-09), 3.5 °C to 7.4  °C (29710-10), and 3.5 °C to 7.3 °C (D2-8).  This may 
suggest that 53347 did not record the winter minimum because it exhibited a partial 
δ18O profile.   
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Table 35: The summer maximum and winter minimum palaeotemperatures recorded in the 
Oosterhout Formation A. opercularis .The calculated palaeotemperatures include values for 
the maximum and minimum δ18Ow.  
 
There is an observable comparability between the summer maximum 
palaeotemperature indicated by 53347 and the maximum palaeotemperatures from 
the Oorderen Sands A. opercularis (29710-09, 29710-10 and D2-8) as shown in Fig. 
79 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 79: The maximum summer palaeotemperatures (°C) from 53347 and the Oorderen 
Sands A. opercularis (a) the summer maxima using -0.6 ‰ δ18Ow, (b) the summer maxima 
using +0.4 ‰ δ18Ow.  
 
Specimen 
 
Max and min  
temperatures 
(°C)   
At δ18Ow 
-0.6 ‰ 
 
 
Max and min  
temperatures 
(°C)  at δ18Ow  
-0.1 ‰ 
 
Max and min  
temperatures 
(°C)   
At δ18Ow  
 +0.0 ‰ 
 
Max and min  
temperatures 
(°C)   
At δ18Ow 
+0.4 ‰ 
 
53347 
 
 
14.0 
8.6 
 
 
16.2 
9.8 
 
16.6 
10.2 
 
15.3 
9.0 
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Importantly, when taking into consideration that 53347 only recorded summer and 
autumn and did not record a winter minimum, there is still no reason to infer a warm-
temperate regime.  
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Chapter 27: Results from Oosterhout Formation; Merksem Sands, Lillo 
Formation equivalent  
 
27.1: Merksem Sands time-equivalent A. opercularis from the Oosterhout Formation.  
 
The oxygen isotope, carbon isotope and MIW profiles for two A. opercularis 
specimens from the Oosterhout Formation, Ouwekerk Borehole-42H19-4/42H0039, 
Netherlands are illustrated in Fig. 80 a-b and Table 36.  53362 is from a depth of 
89.75-91 (m),  and 53363 is from a depth of 93.50-94.50 (m), and they are proposed 
to have existed in an interval, which was equivalent to the Merksem Sands Member, 
Lillo Formation (Wesselingh, 2010 personal communication).  
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Fig. 80:  Isotope profiles and MIW measurements from A. opercularis (a) 53362 (b) 53363 - 
format as Fig. 48 
 
 
 
Table 36: The maximum, minimum, and range of δ18O and δ13C (‰) and MIWs (mm) of 
53362 and 53363.  
 
 
 
 
 
 
 
 
 
 
Specimen 
 
δ18O 
max/ 
min 
(‰) 
 
 
Range  
δ18O 
(‰) 
 
δ13C 
max/ 
min 
(‰) 
 
Range 
δ13C (‰) 
 
 
 Max 
/min 
MIWs 
(mm) 
 
Range 
MIWs 
(mm) 
 
Mean 
MIW 
(mm) 
 
53362 
 
 
+2.32 
+0.49 
 
1.83 
 
 
+0.92 
+0.35 
 
0.57 
 
0.57 
0.08 
 
 
 
0.49 
 
0.26 
 
53363 
 
+2.32 
-0.01 
 
2.33 
 
+1.30 
+0.37 
 
0.93 
 
0.39  
0.09 
 
 
 
0.30 
 
0.24 
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27.2: The δ18O results  
 
The profile of 53362 records maximum and minimum δ18O of +2.32 ‰ and +0.49 ‰, 
giving a range of 1.83 ‰ (Fig. 80a; Table 36).  The profile exhibits a seasonal 
response of lower δ18O (corresponding to warmer seasons), and higher δ18O relating 
to cooler seasons.  The first summer, autumn and winter, and the second spring, 
summer, autumn and winter, and the third summer have been isotopically analysed 
approximating to two years and three months of growth being represented in the 
profile.  The isotope curve is generally sinusoidal.  The profile exhibits a spikier 
profile during early growth, and during the first summer, single-sample anomalies are 
observed in every trough and peak throughout the profile (Fig. 80a).      
 
The maximum δ18O recorded by 53363 is +2.32 ‰, and the minimum is -0.01 ‰, 
giving a range of 2.33 ‰ (Fig. 80b; Table 36).  The isotope curve is generally 
sinusoidal.  However, during the first summer (6-16 mm shell height), the profile 
exhibits greater variability than the exceptionally smooth profile recorded during later 
ontogeny.  The profile exhibits a seasonal cycle of lower δ18O (warmer seasons), 
and higher δ18O (cooler seasons).  The first summer, winter and autumn, and the 
second spring and early second summer have been isotopically analysed 
approximating to 14 months of the growth being represented in the profile (Fig.80b).   
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 81:  The oxygen isotope results combined of two A. opercularis from the Oosterhout 
Formation, Netherlands, Merksem Sands Member, Lillo Formation equivalent, 53362 
(turquoise line) 53363 (purple line).  
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The same maximum δ18O is exhibited by 53362 and 53363; however 53363 exhibits 
a greater seasonal δ18O range and a greater δ18O variability during early growth, 
when compared to 53362 (Fig. 81).  The seasonal peaks and troughs correspond 
between 5-34 mm (shell height).  However,  between 35 mm and 44 mm (shell 
height) the profiles of the two A. opercularis separate,  and 53362 exhibits higher 
δ18O values,  whilst 53363 exhibits lower δ18O values (Fig. 81).   
 
 
27.3: The δ13C results  
 
The δ13C profile of 53362 records maximum δ13C of +0.92 ‰ and a minimum +0.35 
‰, giving a range of 0.57 ‰ (Fig. 80a; Table 36).  There is an observable seasonal 
variation in the δ13C (as defined by δ18O) of lower δ13C values during the summer 
months (26-39 mm; 47-51 mm shell height) and higher δ13C values in the winters 
(14-29 mm; 39-46 mm shell height).  There is no evidence of an ontogenetic effect 
(Fig. 80a). 
 
The maximum δ13C recorded by 53363 is +1.30 ‰, the minimum is +0.37 ‰, giving 
a range of 0.93 ‰ (Fig 80b; Table 36).  During the second spring and early second 
summer (at shell heights 36-44 mm), the range of δ13C values are lower (when 
excluding any single-sample anomalies) than the δ13C values in the first summer at   
7-15 mm (shell height).  A single-point anomaly occurs during a summer period at 8 
mm (shell height), whereby the δ13C and δ18O become markedly lower.  The δ18O 
and δ13C are in-phase between 34-47 mm (shell height) and they exhibit an anti-
phase relationship in the first winter at 16-33 mm (shell height) (Fig. 80b).  
 
In summary, there is greater degree of variation in the δ13C profiles between the two 
A. opercularis than is exhibited in the δ18O profiles (Fig. 82), and this is probably 
linked to the multiple palaeoenvironmental factors that act as a control on this 
parameter.  
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Fig. 82:  The carbon isotope results combined from 53362 (represented by the turquoise 
line) and 53363 (represented by the purple line).  
 
 
27.4: The MIW results   
 
In 53362, the maximum MIW was 0.57 mm, and it was recorded at 32.8 mm (shell 
height), which was during the first summer.  However, this measurement appeared 
to be an exceptionally wide MIW (in the context of the surrounding MIWs) and may 
have distorted the MIW range.  The minimum MIW was 0.08 mm, which was 
recorded at 24.5 mm (shell height) in the first winter (Fig. 80a; Table 36).  The range 
of MIWs is 0.49 mm (Table 36).  
 
In 53363, the maximum MIW is 0.39 mm and was recorded at 35.1 mm (shell height) 
and during the spring.  The minimum MIW is 0.09 mm and was recorded at 17.5 mm 
(shell height) and during the first autumn (Fig. 80b; Table 36).  The range of MIWs is 
0.30 mm (Table 36).  
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Fig. 83 shows how the MIWs from 53362 and 53363 show some indication of the c. 
monthly cycles exhibited by the Holocene A. opercularis from the SNSB, and this 
maybe because it was shallower in the later Oosterhout.     
 
 
 
Fig. 83: The MIW results (mm) combined of 53362 and are represented by the turquoise line 
and 53363 by the purple line.  
 
27.5: The palaeotemperature results  
 
Isotopic temperatures were calculated by application of the O’Neil et al. (1969) 
calcite equation (see section 11.1- equation 6).  The resulting palaeotemperatures 
using multiple δ18Ow as applied to both summer and winter values of δ
18Oshell  are 
shown for each specimen in Table 37. 
 
 
Specimen 
 
Max and min  
temperature (°C)   
at δ18Ow 
-0.6 ‰ 
 
 
Max and min  
temperature 
(°C)  at δ18Ow  
-0.3 ‰ 
 
Max and min  
temperature 
(°C)   
at δ18Ow +0.0‰ 
 
Max and min  
temperature 
(°C)   
at δ18Ow 
+0.4‰ 
 
53362 
 
11.1 
3.9 
 
 
12.3 
5.1 
 
13.6 
6.2 
 
 
15.8 
7.8 
 
 
53363 
 
13.3 
3.9 
 
14.6 
5.1 
 
15.8 
6.2 
 
 
17.5 
7.8 
 
 
Table 37: The summer maxima and winter minima recorded in 53362 and 53363. The 
calculated palaeotemperatures include the maximum and minimum δ18Ow values.   
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Applying the range of δ18Ow  values of  -0.6 ‰, and +0.4 ‰ in the palaeotemperature 
equation means that 53363 showed the warmest summer temperature maximum of 
between 13.3-17.5 ºC,  when compared to 53362 which recorded cooler summer 
maxima of between 11.1-15.8 ºC (Table 37), and they exhibited the same winter 
minima of between 3.9-7.8 ºC (Table 37).  The greatest seasonal palaeotemperature 
range of between 9.4-9.7 ºC was exhibited by 53363, and 53362 exhibited a smaller 
seasonal palaeotemperature range of between 7.2-8.0 ºC.  
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Chapter 28: Interpretations from the Oosterhout Formation, Merksem Sands 
Member equivalent A. opercularis.   
 
28.1 Interpretations 53362 
 
The δ18O profile of 53362 exhibits a lower δ18O recorded in the second summer 
(+0.75 ‰ at 34 mm shell height), which corresponds to a lowering of δ13C to +0.35 
‰, and a rapid narrowing of the MIWs; this could reflect a summer storm event.  An 
in-phase relationship between δ18O and δ13C profiles occurs in one section of the 
shell (shell height 4-9 mm), and this may be the product of an early growth effect 
(Fig. 80a).   
 
The MIW profile of 53362 exhibits a greater variation in its peaks and troughs (Fig. 
80a), and it shows some indication of the c. monthly cycles exhibited by the 
Holocene A. opercularis from the SNSB,   and the modern A. opercularis 
investigated in this study.  This suggests that it was from either a shallow or a well-
mixed water body, which supports the microfossil evidence of an agitated water-body 
for the Merksem Sands Member (De Schepper et al., 2008).  
 
The MIWs have only been measured from the end of the first winter, which does 
produce a truncated and potentially biased profile.  Despite this limitation in the 
dataset, generally, the peaks in the MIW profile (5-point average) are associated with 
lower δ13C in the summer growth period at shell heights 26-39 mm and 47-51.  This 
may be a product of the heightened primary productivity because in shallow or more 
agitated water the organism will consume the 12C rich undeterred by any effects of 
an unmixed water-column.  Furthermore, this evidence of a more seasonal signal is 
similar to the δ13Cshell profile exhibited by the modern A. opercularis from the Malaga 
region, which was also from a shallow-water body with no influence of seasonal 
stratification.  Additionally, the maximum MIW of 0.57 mm was recorded at 32.8 mm 
(shell height), during the first summer,  and the minimum MIW was 0.08 mm,  
measured at 24.5 mm shell height and during late winter (Fig. 80a).  The maximum 
and minimum MIWs seem to follow the expected trend of Broom and Mason (1978), 
this could relate to the fact the organism was situated in a shallower water body, and 
is therefore representing the influence of a phytoplankton food supply, and less 
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influence from resuspended benthic food supply, which corresponds to the 
hypothesis proposed by Johnson et al, (2009).  
 
28.2 Interpretations 53363 
 
The δ18O profile of 53363 exhibits greater variability in early ontogeny between shell 
heights 6 mm and 16 mm than in later ontogeny (Fig. 80b).  This is attributed to an 
early growth effect.  
 
 A single-point anomaly occurs during a summer period at shell height 8 mm, 
whereby the δ13C and δ18O become lower (Fig. 80b) and this is proposed to be 
either the result of a summer storm or more likely a spawning event.  
 
The  δ13C profile exhibits lower δ13C during the second spring to early second 
summer (shell height 36mm to 44 mm) than in the winter.  This seasonal δ13C trend 
is comparable to the signal exhibited by 53362, and to the δ13C profile from the 
modern Malaga A. opercularis.  Consequently, if 53363 is from a shallow-water body 
as proposed, this seasonal δ13C signal may record the increased availability of a 12C-
rich food supply.  This seasonal δ13C signal is therefore representative of the 
seasonal phytoplankton dynamics that occur currently in the North Sea (Colebrook, 
1982) (Fig. 80b).   
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28.3 Conclusions from the isotope and MIW profiles of 53363 and 53362 : MIW and 
stratification  
 
Generally, 53363 and 53362 exhibit seasonal δ13C profiles, whereby lower δ13C 
values are recorded during the summer (Fig. 80a-b).  Therefore, if the δ13C profiles 
from the A. opercularis are offering a record of productivity, these δ13C records 
exhibit features that are equivalent to those resulting from modern seasonal 
phytoplankton blooms shown in the southern North Sea Basin.  This could be 
because the sea was similarly shallow and not stratified in the summer during the 
deposition of the Merksem Sands Member  
 
Furthermore, the 5-point average MIW profiles from 53362 and 53363 show how 
these A. opercularis generally exhibit a MIW mean that is smaller than the mean 
MIWs of the A. opercularis from other Pliocene Formations of the SNSB (e.g. the 
Ramsholt Member, Luchtbal Sands Member, and the Oorderen Sands Members).  
Additionally, the maximum and the minimum MIWs, and the range of MIWs from 
53362 and 53363 are more comparable to the minimum and maximum MIWs, and 
the range of MIWs from the modern A. opercularis studied in this investigation (5-
point average-Table 38).  There is also some evidence of the minor oscillations in 
53362 and 53363 MIW profile, which are exhibited by the modern A. opercularis and 
Holocene A. opercularis.  Therefore, the MIW profiles support the idea that the Sea 
was well-mixed (i.e. the temperature distribution was homogeneous) or shallow, and 
it is unlikely that 53362 and 53363 existed in a palaeoenvironment that exhibited 
seasonal stratification.   
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Specimen Formation/Member Minimum (5-
point 
average) MIW 
(mm) 
Maximum (5-
point average) 
MIW  (mm) 
Range (5-
point 
average) MIW 
(mm) 
 
53362 
Merksem Sands Member 
equivalent- Oosterhout 
Formation 
0.11 0.33 0.22 
 
53363 
Merksem Sands Member 
equivalent- Oosterhout 
Formation 
0.12 0.38 0.26 
 
21996-a 
 
Rincon de la Victoria, 
Malaga,  Spain 
 
0.13 
 
0.28 
 
0.15 
 
21996-b 
 
Rincon de la Victoria,  
Malaga, Spain 
 
0.09 
 
0.25 
 
0.16 
 
Table 38: The maximum, minimum, and range of MIWs (five-point average mm) of A. 
opercularis from the Oosterhout Formation time-equivalent to the Merksem Sands Member  
 
28.3.2 Palaeotemperatures 
 
The 2.2 ºC palaeotemperature difference in seasonal range between 53362 and 
53363 could be the result of the specimens being sourced from a slightly different 
stratigraphical horizon in the Oosterhout Formation, meaning the individual 
specimens are recording the palaeotemperatures from different years.   
 
Excluding the summer isotopic maximum of 17.5 ºC (exhibited by 53363 using the 
+0.4 ‰ δ18Ow composition), and the isotopic winter minimum of 6.2 ºC and 7.8 ºC 
exhibited by 53362 and 53363 (when using 0.0 ‰ and +0.4 ‰ δ18Ow values) all the 
isotopic summer maximum and winter minimum temperatures are below the 
equivalent seasonal extremes recorded in the modern-day North Sea.  The 
palaeotemperatures are representative of a cold-temperate regime.  The fact that the 
summer palaeotemperatures are not warmer in a palaeoenvironment that does not 
exhibit any influence from a summer thermocline may represent a global climatic 
downturn prior to the onset of the Quaternary glaciations.  In support of this idea, 
these A. opercularis are from a horizon in the Oosterhout Formation comparable to 
the Merksem Sands Member, for which mollusc assemblage data also implied a 
cooling, which was related to the onset of the Northern Hemisphere Glaciation during 
this time-interval (Slurpik et al., 2007, De Schepper et al., 2008; 2009).  
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Chapter 29: A case study for diagenetic alteration in an A. Islandica   
29.1: Introduction  
 
The modern validation study  (Chapter 12) provided the baseline material (i.e. SEM 
images of shell microstructures, Dickson Staining results and CL images of unaltered 
shell material), which assisted in the development of a protocol to test for post-
depositional diagenesis of fossil shell material.  The protocol was applied to the fossil 
shell material to limit any uncertainties that the isotopic palaeotemperatures had 
been distorted by diagenetic overprinting from post-depositional processes.  The 
results showed that the fossil A. opercularis (from all the members and formations 
investigated), and that the Atrina fragilis, Pygocardia rustica and the A. islandica 
(18201-01) had not undergone any post-depositional processes.  Furthermore, when 
combining the SEM and Dickson Staining results with the fact that (i) the minimum, 
maximum and range of isotope values (carbon and oxygen) recorded from different 
specimens in the same members and formations were comparable, and (ii) there 
was little evidence of any long-term in-phase relationship between the δ18O and δ13C 
profiles and (iii) no evidence of extreme palaeotemperature results, this further 
supported the idea that the material used for analysis had not been altered. 
Therefore, the cool isotopic palaeotemperatures were indeed representative of the 
conditions experienced by the organism as it grew. 
 
However, the protocol revealed how a single A. islandica from the Basal layer, 
Oorderen Sands Member (29710-07) exhibited features, which are expected in 
diagentically altered shell material.  Therefore, the isotope results were discounted 
for palaeotemperature purposes.  Nevertheless, the results produced a case study to 
identify post-depositional diagenesis in fossil shell material, which may provide a 
template for avoiding corrupted data in any further isotope investigations using fossil 
bivalve material.    The results of the case study are shown in sections 29.1 – 29.3.   
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29.2: The SEM results  
 
A SEM image of the microstructure of an A. islandica (29710-07), which was from 
the basal layer, Oorderen Sands, Lillo Formation, Belgium is shown by Fig. 84.  The 
investigation revealed blocky aragonite granules and a somewhat disorganised 
distribution of the crystals within the shell microstructure (red arrows).  This evidence 
supports the idea that post-depositional processes have altered the original shell 
microstructure.  Therefore, it is likely that the original isotope signal has been 
overprinted, and it is unlikely that the isotopes represent the palaeoenvironment 
experienced by the organism as it grew. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 84: The SEM images from the A. islandica 29710-07.  The red arrows indicate a 
somewhat disorganised microstructure of the specimen.    
 
 
29. 3: Results  
 
The oxygen and carbon isotope results are displayed in Fig. 85 and Table.  39; note 
the in-phase signal between the δ18O and δ13C throughout ontogeny 
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Fig. 85:  Isotope profiles (‰) from a fossil A. islandica 29710-07.  The red line represents 
the δ18O, the black line represents the δ13C.  The samples were measured from umbo 
towards the ventral margin of the shell, and the first sample was extracted 35 mm from the 
umbo and the final sample was extracted 50 mm from the umbo.  The isotope axis has been 
reversed as Fig. 48. 
 
 
 
 
 
 
 
 
 
 
 
Specimen 
 
δ18O max/min 
(‰) 
 
Range of δ18O 
(‰) 
 
δ13C max/min 
(‰) 
 
Range of δ13C 
(‰) 
 
 
29710-07 
 
+2.79 
 -2.83 
 
5.62 
 
+2.64 
-0.52 
 
 
3.16 
Table 39: The maximum, minimum, and the range of δ18O and δ13C (‰) of the 
Pliocene A. islandica specimens 29710-07  
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29.3.1: The δ18O and δ13C results   
 
The maximum δ18O is +2.79 ‰, the minimum is -2.83 ‰, and the range is 
abnormally high at 5.62 ‰.  The profile is cyclical; however, it shows multiple single-
point anomalies (Fig. 85; table 38).  
 
The maximum δ13C is +2.64 ‰, and the minimum is -0.52 ‰, encompassing a range 
of 3.16 ‰.    
 
29.3.2 Isotopic temperatures   
 
Isotopic temperatures were calculated by the application of the aragonite equation of 
(equation 7).  The resulting palaeotemperatures using multiple δ18Ow as applied to 
both summer and winter δ18O extremes are shown in table 40.  
 
Specimen Max and min 
temperatures 
using  
δ18Ow -0.6 ‰ 
Max and min 
temperatures 
using 
 δ18Ow -0.3 ‰ 
Max and min 
temperatures 
using  
δ18Ow +0.0 ‰ 
Max and min 
temperatures 
using  
δ18Ow -0.4 ‰ 
 
 
29710-07 
 
29.4 
5.6 
 
 
30.7 
6.9 
 
32.0 
8.2 
 
33.7 
10.0 
 
Table. 40: The summer maximum and winter minimum temperatures recorded in the basal 
layer, Oorderen Sands Member A. islandica 29710-07.  The calculated palaeotemperatures 
include the maximum and minimum δ18Ow.  
 
Applying the δ18Ow values of -0.6 ‰, and +0.4 ‰ to calculating the summer and 
winter isotopic palaeotemperature extremes means that the summer 
palaeotemperature maximum is exceptionally warm and between  29.4-33.7 °C.   
The winter minimum is between 5.6-10.0 °C, and the seasonal range is between 
23.8-23.7 °C.  This seasonal temperature range is larger by 12.7- 12.8 °C than the 
range of the present-day SNSB.   
 
29.4: Interpretations  
The variable nature of the δ18O profile and the abnormally low δ18O values coupled 
with a strong in-phase relationship between the δ18O and δ13C profiles increases the 
potential that the isotopes from 29710-07 δ18O are representing the influence of 
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diagenesis rather than temperature variations experienced by the organism as it 
grew (Brand & Vizier, 1980).  These results support the SEM results that showed a 
disorganised and blocky microstructure.  The maximum isotopic palaeotemperatures 
of between 30.2-33.7 ° C are exceptionally warm for the SNSB, and well-above 
modern recorded A. islandica maximum tolerance levels of 16 °C, and provide 
additional evidence supporting a diagentically altered isotope signal.  
 
However, the minimum temperatures are comparable to the winter temperatures of 
18201-01 (Chapter 22), and within the range of winter minimum recorded by other 
bivalve species (Chapters 20; 22; 24).  Therefore, it is proposed that only partial 
diagenesis occurred in 29710-07, whereby only this process affected certain 
sections of the shell material, and these regions of shell growth were those relating 
to the summer intervals.  
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Chapter 30: Review of the project  
 
30.1: Review of the investigation  
 
An experimental research approach encompassed (dependent on species) the 
analysis of time-series carbon and oxygen isotopes profiles, seasonal isotopic 
palaeotemperatures, and MIW profiles from fossil Aequipecten opercularis and 
Arctica islandica, Pygocardia rustica, and Atrina fragilis from Pliocene marine 
formations of the SNSB.  A modern validation study was completed to test the 
robustness of the seasonal data available from the oxygen-isotope proxy. 
 
Testing the reliability of the bivalve proxy is an important objective because recent 
findings (relating to the conclusions from the international Pliocene Model 
Intercomparison Project (PlioMIP) (Dowsett et al., 2012) have resulted in a paradigm 
shift in the assessment of ocean palaeotemperatures, with a widening of the existing 
range of proxy techniques to incorporate high resolution isotopic analysis (Dowsett et 
al., 2012).  Robust quantitative SST data sets (specifically seasonal data) are 
important as they identify the localised thermal properties of an ocean, and such 
data are not fully represented in the PRISM datasets (Dowsett et al., 2012).   The 
application of so called ‘ground truth’ (Dowsett et al., 2012), seasonal marine 
palaeotemperature data enhances the precision of retrodictions of Pliocene 
palaeoclimate, and may ultimately provide insight into the drivers that influenced 
climate variability in the Pliocene.   
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30.2: The modern validation study  
This investigation tested the robustness of the seasonal isotopic palaeotemperatures 
obtainable from A. opercularis and hence, its suitability as a proxy for detecting 
palaeotemperatures extremes.  It specifically concentrated on whether temperatures 
warmer than 21 °C were detected by this proxy, and the main objective was to test 
hypothesis one shown below: 
 
Hypothesis one:  a shallow-water modern Mediterranean A. opercularis will not 
record summer temperatures comparable to the expected summer Mediterranean 
SSTs of 21 °C or more, therefore showing the existence of a vital effect influencing 
the maximum summer temperatures able to be recorded by this proxy.  
 
 
The results demonstrated that isotopic summer temperatures of 25 °C were 
obtainable.  Therefore, hypothesis one was refuted.  Consequently, the rejection of 
any vital effect implied that an additional factor was influencing the cooler summer 
and winter isotopic palaeotemperature results recorded by the A. opercularis in 
previous Pliocene SNSB studies (Johnson et al., 2009; Valentine et al., 2011).   
 
Additionally, carbon isotope and oxygen isotope profiles, MIW profiles, and seasonal 
temperatures were obtained from the left and right valves of the investigated 
Mediterranean specimen of A. opercularis, with the objective of testing for any valve 
dependent effects and to test hypothesis two shown below:  
 
Hypothesis two:  the two valves of an articulated shallow-water modern 
Mediterranean A. opercularis will record comparable carbon, oxygen and MIW 
profiles and temperatures, discounting any valve dependent effects. 
 
The values for each variable exhibited a statistically significant correlation between 
the valves at the 0.01 significance level.  Consequently, there was less than a 1% 
chance that the correlations between the variables across both valves were the 
result of chance.  Therefore, the hypothesis two is accepted.  
 
Nevertheless, the study revealed minimal evidence of non-statistically significant 
differences (at the 0.01 significance level) between the valves in δ18O and δ13C at 
certain shell heights, and the most likely explanation for this is experimenter error 
specifically related to sampling depths within the shell.  Inconsistencies in the 
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sampling depths may have distorted the isotope signatures in individual samples 
because of the inclusion of inner and outer shell material, which consisted of 
different isotopic compositions. 
 
The modern validation study included SEM investigations of shell microstructure, 
luminescence (under CL) and response to staining, and hence provided a template 
for recognising diagenesis in fossil shell material.  Therefore, it was possible to 
choose the most suitable Pliocene A. opercularis (and other bivalve shell material) 
for obtaining highly robust seasonal palaeotemperatures. 
 
30.3: The Pliocene SNSB study. 
  
Part three of the thesis included the analysis of the δ18O and δ13C profiles, MIW 
profiles, and isotopic palaeotemperatures of fossil A. opercularis from multiple 
marine formations of the Pliocene SNSB.  The main aim of this study was to 
determine if cool-temperate palaeotemperatures (as previously recorded in the 
Pliocene SNSB in fossil A. opercularis) were repeatable in multiple formations, and 
members of the Pliocene sequence in the SNSB.  Specific attention (encompassing 
a multi-species approach to provide an additional test of isotopic palaeotemperature 
results) was focused on the Atrina Bed, Oorderen Sands Member, Lillo Formation, 
since it is proposed (from sequence stratigraphy and dinoflagellate biostratigraphy - 
De Schepper et al., 2008; 2009; Louwye & De Schepper, 2010) that the age of this 
member corresponds to MPWI.  Therefore, these isotopic palaeotemperature data 
provide a direct comparison with PRISM palaeotemperature reconstructions for the 
MPWI in the SNSB.   
 
The following hypotheses were tested in this study and they are referred to in 
Chapter 31:  
 
Hypothesis three: The palaeotemperatures obtained from oxygen thermometry 
using Pliocene bivalves from the SNSB will not correspond to other biological 
proxies’ indications of a dominant warm-temperate climate regime.  
 
Hypothesis four: The isotopic palaeotemperature results from the Atrina bed, 
Oorderen Sands Member, will not support the PRISM palaeotemperature 
interpretations for the MPWI of a warmer climate than currently experienced in the 
SNSB.  
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Hypothesis five: The Pliocene SNSB isotopic summer and winter benthic 
palaeotemperatures will be warmer than those presently recorded in the modern 
SNSB.  
 
Hypothesis six: There will be further evidence of seasonal stratification in additional 
Pliocene SNSB marine Formations other than the Coralline Crag Formation.   
 
Hypothesis seven: There will be a dominant summer warming signal in the 
Pliocene SNSB rather than summer and winter warming for the region as indicated 
by PRISM and other biological proxy palaeotemperature estimations. 
 
 
Hypothesis eight: the bivalves will record cooler winter benthic palaeotemperatures 
in the more easterly SNSB formations (Lillo Formation and Oosterhout Formation), 
than the winter palaeotemperatures from the Coralline Crag Formation implying the 
influence of a continental wind effect.    
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Chapter 31: Interpretations: reconciling the mixed palaeotemperature signal in 
the Pliocene formations.  
 
31.1: Interpretations of the Pliocene results 
  
Overall, seasonal palaeotemperatures (alongside seasonal δ13C and MIW profiles) 
were obtained from Pliocene SNSB formations encompassing a time-span from ~4.4 
Ma to ~2.5 Ma.    
 
A summary of the maximum, minimum, and seasonal range in palaeotemperature 
from all the A. opercularis investigated,  from specific formations and members using 
the extreme δ18Ow values of -0.6 ‰ and +0.4 ‰ (Lillo Formation and Oosterhout 
Formation) and -0.5 ‰ and +0.5 ‰ (Coralline Crag Formation) are shown in Table. 
41.   
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Excluding the highest estimates of maximum temperature calculated from the 
extreme δ18Ow values of +0.4 ‰ and +0.5 ‰), whose validity has been questioned. 
The figure indicates cooler summer temperatures than presently in the SNSB, and 
the results are more reflective of a cool-temperate regime as defined by Krantz 
(1990), of below 20 °C.  There is no evidence of warm-temperate or sub-tropical 
summer palaeotemperatures in the Pliocene SNSB as suggested by other planktonic 
proxies (e.g. ostracods, bryozoans, and foraminifera).  
 
In the Luchtbal Sands Member (c. 3.71-3.21 Ma), there is some correspondence of 
the bivalve palaeotemperature data to the cooler-climate evidence provided by fossil 
dinoflagellate cysts and pollen (De Schepper et al., 2008; 2009).  Applying the 
extreme δ18Ow values of -0.6 ‰ and +0.4 ‰, and -0.5 ‰ and +0.5 ‰, shows that the 
Pliocene winter temperatures were generally cooler or comparable to modern SNSB, 
and provide no support for a winter warm-temperate regime as indicated by the 
PRISM data or by the additional biological proxies in the Pliocene SNSB.  
 
The results show that there are distinct seasonal ranges associated with the 
Pliocene units, whereby the Oorderen Sands Member exhibits the greatest seasonal 
range of between 12.3 °C and 12.9 °C, whereas smaller seasonal ranges are 
exhibited by the Luchtbal Sands Member, and Oosterhout Merksem Sands Member 
equivalent, and the smallest seasonal range is recorded in the Ramsholt Member 
(9.4°C-9.9 °C, 8.3 °C-8.6 °C and 6.7 °C-7.2 °C, respectively).  Therefore, the results 
from this project allow for hypothesis three (the palaeotemperatures obtained from 
oxygen thermometry using Pliocene bivalves from the SNSB will not correspond to 
other biological proxies’ indications of a dominant warm-temperate climate regime) to 
be accepted.  
 
Excluding estimates based on the enriched δ18Ow value of +0.4 ‰, the isotopic 
temperature results (based on a multi-species approach) from the Atrina bed of the 
Oorderen Sands Member do not correspond to those palaeotemperatures 
reconstructed by the PRISM group. Therefore, hypothesis four  (the isotopic 
palaeotemperature results from the Atrina bed, Oorderen Sands Member, will not 
support the PRISM palaeotemperature interpretations for the MPWI of a warmer 
climate than currently experienced in the SNSB) is accepted.   
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Generally, the palaeotemperature results from the benthic bivalves of the Ramsholt 
Member, Coralline Crag Formation, and the Luchtbal Sands Member and the 
Oorderen Sands Member of the Lillo Formation imply that neither summer warming 
nor winter warming occurred in the Pliocene SNSB, when compared to the modern 
SNSB.  Therefore, hypothesis five (the Pliocene SNSB isotopic summer and winter 
benthic palaeotemperatures will be warmer than those presently recorded in the 
modern SNSB) is rejected:  
 
Arguably, the unknown δ18Ow value in the Pliocene oceans may limit the accuracy of 
absolute palaeotemperatures.  However, any seasonal range obtained from this 
technique will be essentially unaffected.  Nonetheless, analysis of 
magnesium/calcium (Mg/Ca) ratios from shell material could provide a test of the 
isotopic palaeotemperature assessments.  However, previous investigations using 
modern bivalves imply that this technique is an unreliable source of temperature 
data.  For example, Freitas et al. (2009) investigated the Mg/Ca ratio of modern 
Pecten maximus bivalves from the Menai Straits, Wales, UK.  Their results showed 
no evidence of a seasonal Mg/Ca signal that corresponded to the instrumental 
temperatures for the region.  Therefore, they proposed that other factors were 
influencing the Mg/Ca values in bivalves rather than the isotopes being a record of 
temperatures.  They suggested that Pecten maximus either exhibited a vital effect, 
which influenced the seasonal inclusion of magnesium in the shell material, or that 
there were seasonal differences in the chemical composition of the magnesium 
contained in the extrapallial fluid.    
 
A further investigation of the Mg/Ca ratios in modern A. islandica (live-collected from 
Irvine Bay in northwest Scotland) revealed that no true correlation existed between 
the Mg/Ca values and the instrumental temperatures for the region.  Furthermore, 
the Mg/Ca profiles from the two investigated specimens (which were collected from 
the same locality at the same time), were different.  Moreover, there was evidence of 
greater amounts of magnesium at growth breaks, which distorted the overall Mg/Ca 
results (Foster et al., 2009), and these results support the notion of a vital effect.  
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In conclusion, whilst the Mg/Ca ratio in planktonic foraminifera may provide a 
suitable data source for palaeotemperatures, it would be inappropriate to apply this 
technique to test isotopic palaeotemperatures from bivalves.   
 
31.2: Rectifying the evidence of a mixed palaeotemperature signal in the Pliocene 
SNSB. 
 
Isotopic palaeotemperatures from this investigation complement previous evidence 
of a mixed palaeotemperature signal in the Pliocene SNSB. Nevertheless, how can 
this mixed palaeotemperature signal be rectified?   
 
Previous authors have proposed four main reasons for the palaeotemperature 
inconsistencies in the Pliocene SNSB including: 
 
(i) stratigraphical inconsistencies and global climate variability 
(ii) changes to the degree of ocean heat transported into the North Atlantic 
region   
(iii) ecological features of the marine communities 
(iv) the influence of an atypical Pliocene SNSB hydrography  
 
(Head, 1997; Williams et al., 2009; Johnson et al., 2009; Knowles et al., 2009; Long 
& Zalasiewicz,  2011).   
 
Stratagraphical resolution of Pliocene SNSB marine deposits remains crude; for 
example, from analysis of dinoflagellate cyst assemblages the Coralline Crag 
Formation spans ~4.4 Ma to ~3.8 Ma and encompasses a 600 Ka time-interval.  In 
such a time-span the actual amount of time represented in each member might be in 
the order of hundreds of Kyr, which produces a poorly resolved stratigraphical 
context for any biological proxy.  Consequently, it follows that each member or 
formation may include evidence of multiple climate regimes. For example, the cooler 
palaeotemperature signal in the Luchtbal Sands Member may be representing the 
influence of the MIS M2 ~ 3.2 Ma. Therefore, the mixed palaeotemperatures 
observed in the Pliocene SNSB may simply be a record of orbital forcing events, 
which resulted in a record of variable global climate signals within a single member 
or formation (Williams et al., 2009; Knowles et al., 2009).  Evidence of SST variability 
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(as recorded from Pliocene planktonic foraminifera) from North Atlantic core material 
appears to support the above assumption (Williams et al., 2009; Knowles et al., 
2009).  In 1991, Dowsett & Poore observed that shifts in SSTs recorded in North 
Atlantic Pliocene foraminifera corresponded to the obliquity cycle, occurring at a 
periodicity of ~41,000 year, which is much less than the likely time-span of individual 
members in the Pliocene sequence of the SNSB.   
 
Irrespective of whether they are orbitally forced, 24 newly appointed glacial-
interglacial cycles are recorded from ~5.0 Ma to ~3.7 Ma.  These cycles are 
recognised in changes to the δ18O of benthic marine foraminifera (Dowsett et al. 
1999; Lisecki & Raymo, 2005; Williams et al., 2009; Knowles et al., 2009).  Balson 
(1980) has previously proposed that global climate variations (associated with glacial 
and interglacial cycles) provide an explanation for the mixed palaeotemperature 
signals obtained from molluscan assemblages in the Coralline Crag Formation.  He 
suggested that with significant time, and during interglacial episodes, warm-tolerant 
species in the northern hemisphere migrate further northwards, whereas in glacial 
intervals, the opposite effect occurs of a southward migration of cool-tolerant 
species.  The result of these migrations is that the molluscan assemblages of 
individual members (deposited over perhaps hundreds of Kyr) include boreal, arctic, 
and Mediterranean indicator species (Balson, 1980).   
 
Global climate variations do provide a feasible explanation for the mixed 
palaeotemperature signal observed in the Pliocene marine deposits; however, other 
authors argue that changes in the current strength of the Gulf Stream/North Atlantic 
Drift (GS/NAD) may have  been significant enough to influence the amount of ocean 
heat being transferred into the North Atlantic region during the Pliocene (Raffi, 
Stanley & Marasati,1985; Schmidt et al., 2007; Johnson et al., 2009; De Schepper et 
al., 2009; Valentine et al., 2011).  GCM reconstructions of the Atlantic Ocean region 
show that with any breaching of the Isthmus of Panama, or an incompletely formed 
Isthmus of Panama, a reduced amount of ocean heat is transported into the 
northeastern region of the North Atlantic (Schmidt et al., 2007; Lunt et al., 2008), an 
effect which might be represented by the cool isotopic winter temperatures recorded 
in the SNSB (this work and Valentine et al., 2011).  Therefore, changes in ocean 
heat supply provides a feasible explanation for the mixed palaeotemperatures 
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observed in the Pliocene SNSB deposits,  particularly under the assumption of a 
relatively landlocked Pliocene North Sea (see Valentine et al., 2011), whereby 
warmer Atlantic water only entered from the north.  Therefore, any reductions in 
GS/NAD strength may have had a significant impact on winter temperature in North 
Atlantic Current inclusive of the GS/NAD), since in the modern day cooler than 
average winter temperatures correspond to a reduced GS/NAC current.  The NAC 
decline proposed by De Schepper et al. 2009 to have occurred ~3.4 Ma may also be 
a causal factor in the cooler palaeotemperatures signal recorded during the time-
span of the Luchtbal Sands Member. 
 
Two further explanations for a mixed temperature signal have been proposed from 
the analysis of Coralline Crag Formation mollusc assemblages.  Long & Zalasiewicz, 
(2011), suggested that molluscan assemblages in the Coralline Crag deposits 
represent a death assemblage, whereby warm-tolerant species and colder-tolerant 
species were separated during life, and only after death were they preserved 
together.  This seems an unlikely situation because in any environment, death will 
occur at different times, and for a variety of reasons; therefore, it is a very simplistic 
argument because the mixing of communities occurs prior to death.   
 
Long & Zalasiewicz (2011), also suggested that the Coralline Crag Formation might 
reflect an environment with an atypical hydrography, whereby warmer currents and 
cooler currents met in the North Sea.  Therefore, any mixing of the warm and cool 
waters would provide suitable conditions for boreal and Mediterranean mollusc 
species to coexist.  However, this idea is undermined by the proposed 
palaeogeography of the Pliocene SNSB, as a relativity landlocked shelf basin. 
 
31.3: Stratification as an explanation for the mixed summer palaeotemperature 
signal in the Pliocene SNSB. 
 
It has been argued that the discrepancies recorded between summer SST estimates 
and benthic palaeotemperatures results from a well-developed thermal gradient 
between the surface and benthic waters in the Pliocene SNSB (O’Dea & Okamura 
2000; Johnson et al., 2009; Valentine et al., 2011).  Therefore, any discrepancies 
could be compensated for by applying a suitable stratification factor (SSF) to the 
benthic summer palaeotemperatures.  If a stratification factor of 3.5 °C (as proposed 
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by Valentine et al,  2011), were added to the Coralline Crag Formation oxygen 
thermometry results; summer benthic palaeotemperature 16.6 ˚C, the estimate for 
summer SST would be 20.1 °C,  consistent with other estimates of SST and 
representative of a warm-temperate climate regime (Krantz, 1991; Valentine et al., 
2011).  
 
Furthermore, Pliocene SNSB summer stratification provides an explanation for the 
coexistence of cool-water and warm-water indicator species, which is observed 
throughout the Pliocene SNSB formations.  Put simply, A. islandica exhibits a 
modern-day upper temperature tolerance of 16 ˚C, and yet it is shown to survive in 
the Pliocene SNSB, which is a palaeoenvironment that potentially demonstrated 
much warmer summer palaeotemperatures as implied by the occurrence of sub-
tropical microfossils in the SNSB assemblages.  However, if benthic bivalves were 
able to exist and feed beneath a summer thermocline, stratification of the water 
column would prevent the benthic waters from warming to the degree of summer 
SSTs permitting suitable conditions for A. islandica to coexist with a warmer indicator 
species.  
However, since bryozoans are benthic organisms their occurrence with A. islandica 
in a member can only be explained by different temperature regimes during 
deposition, and even if the bryozoans occur alongside the bivalves they might have 
lived at a different time and been mixed in with bivalves after death, supporting the 
idea as presented by Long  & Zalasiewicz (2011).  
 
31.3.2: How MIW profiles may imply stratification  
 
The MIW datasets from A. opercularis were used to test hypothesis six (there will 
be further evidence of seasonal stratification in additional Pliocene SNSB marine 
Formations other than in the Coralline Crag Formation).   
 
The MIW range recorded in the Luchtbal Sands Member and Oorderen Sands 
Member of the Lillo Formation, and the equivalent of the Oorderen Sands Member in 
Oosterhout Formation was between 0.27 mm and 0.56 mm, which is comparable to, 
or greater than the MIW range exhibited by modern A. opercularis and from the 
Mediterranean of 0.30 mm.  Additionally, the MIW profiles of the same Pliocene A. 
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opercularis do not exhibit minor (‘monthly’) oscillations. These features combined 
imply that the Pliocene A. opercularis are not exhibiting any direct influence from 
tidal cycles, and therefore are unlikely to have existed in a shallow or well-mixed 
unstratified palaeoenvironment.  The majority of the Pliocene A. opercularis 
(excluding 53360, 53361 and 29710-09) exhibit an anti-phase relationship between 
MIWs and isotopic palaeotemperatures, and wider MIWs than the A. opercularis 
from the modern validation study. 
 
Contrastingly, specimens from the equivalent of the Merksem Sands Member in the 
Oosterhout Formation, which was deposited in shallow water, have narrower MIWs 
and show signs of a c. monthly pattern of MIW variation (as in the modern specimen 
from Malaga).    
 
From the data this investigation adapted a model that was originally suggested by 
Johnson et al., 2009.  The new model (Fig. 51), suggested that the bivalves might be 
extending their filtration periods in the Pliocene winter because a lower metabolic 
rate in the winter allowed the organisms to retain scope for growth in winter (despite 
reduced phytoplankton availability), therefore, growth occurred throughout the year.  
 
The MIW results show that all but the Oosterhout Formation, Merksem Sands 
Member time-equivalent specimens most likely existed in a marine environment that 
exhibited seasonal stratification, and therefore the MIW data in this study supports 
hypothesis six and the occurrence of summer stratification in the Pliocene SNSB.  
 
31.3.3: How the application of a SSF impacts the summer surface the SNSB.  
 
A review into the palaeoenvironmental conditions of the Coralline Crag Formation 
indicated a palaeobathymetry of 50 m+ and reduced current and wave action, which 
would have permitted conditions suitable for seasonal stratification. The depth 
suggests that there was a surface-seafloor temperature difference greater than 3.5 
°C.  However, the modern North Sea Basin exhibits a surface-seafloor temperature 
difference of between 7-9 °C in stratified settings (Austin et al., 2006) and since other 
biological proxies suggest very warm surface temperatures, it is suggested that 
applying a SSF of 3.5 °C may be insufficient to give a true picture of surface 
temperature in the Pliocene.  Consequently, a SSF (7.0 °C) has also been applied to 
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summer benthic palaeotemperatures and the results from both SFF are represented 
in Table 42.  
 
 
 
 
The application of a 3.5 °C SSF to the isotopic palaeotemperatures from 53360 
shows that the inferred surface temperature is still cooler than maximum summer 
surface temperatures exhibited in the modern SNSB, when using the -0.5 ‰ -0.2 ‰ 
and +0.1‰ δ18Ow values.  Only when applying the extreme δ
18Ow value of +0.5 ‰ 
does the summer maximum palaeotemperature become warmer than the modern 
SNSB summer maximum. The same results are found for 53361, when applying the 
SSF of 3.5 °C. However, when applying the SSF of  7.0 °C the majority of inferred 
surface temperatures (excluding those calculated using the δ18Ow values of – 0.4 ‰ 
in 53360,  and -0.4 ‰ and -0.2 ‰ in 53361) are within the warm-temperate range as 
defined by Krantz (1990), and show a greater comparability to other biological proxy 
estimates for surface temperature (Table. 42). 
 
A review into the Luchtbal Sands Member indicated a palaeobathymetry of 40-60 
m+, which would have permitted seasonal stratification.  However, this member may 
Specimen  Max  
temp(°C)  
at δ18Ow  
-0.5 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
-0.2 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.1 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.5 ‰  
3.5 
(°C)  
SSF  
53360  12.5  16  14.1  17.6  15.5  19  17.3  20.8  
53361  10.8 14.3  12.1  15.6  13.3  16.8  15.0  18.5  
Specimen  Max  
temp(°C)  
at δ18Ow  
-0.5 ‰  
7.0 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
-0.2 ‰  
7.0 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.1 ‰  
7.0 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.5 ‰  
7.0  
(°C)  
SSF  
53360  12.5  19.5 14.1  21.1  15.5  22.5 17.3  24.3  
53361  10.8 17.8  12.1  19.1 13.3  20.3  15.0  22.0  
Table 42: A summer stratification factor (SSF °C) of 3.5 °C and 7.0 °C as applied to the 
maximum summer palaeotemperature (using multiple δ18Ow values) from A. opercularis of 
the Ramsholt Member, Coralline Crag Formation  
 
 
256 
 
have been deposited under greater wave or current action due to the occurrence of 
lag deposits and tempesities (Funnell, 1996; De Schepper et al., 2008; 2009).  
Therefore, only a 3.5 °C SFF is added to the summer benthic palaeotemperatures to 
derive an estimate for surface palaeotemperatures, and the results are shown in 
Table .43.  
 
 
 
 
Interestingly, only one benthic summer palaeotemperature of 21.5 °C (using the 
highest δ18Ow value of +0.4 ‰) is comparable to other proxy records of surface 
temperature indicative of a warm-temperate regime (Table. 42). Nevertheless, 
previous palaeotemperature assessments of this member using pollen and 
dinoflagellate cysts also imply cooler phases (De Schepper et al., 2008; 2009), and 
these may be represented by the bivalve-derived data. Alternatively, the application 
of an SSF of 7°C may be more appropriate, in which case the data would indicate 
warm-temperate surface conditions  
 
With the application of a SSF of 3.5 °C, the summer surface temperatures from the 
equivalent of the Luchtbal Sands Member in the Oosterhout Formation are as shown 
in Table 44.  
 
 
 
 
Specimen  Max  
temp(°C)  
at δ18Ow  
-0.6 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
-0.3 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.0 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.4 ‰  
3.5 
(°C)  
SSF  
29710-11 13.7 17.2 15.0 18.5 16.3 19.8 18.0 21.5 
29710-12 13.3 16.8 14.6 18.1 15.9 19.4 17.6 21.1 
29710-13 13.5 17.0 14.7 18.2 16.0 19.5 17.8 21.3 
Table 43: A summer stratification factor (SSF °C) of 3.5 °C as applied to the maximum 
summer palaeotemperature (using multiple δ18Ow values) of the A. opercularis from the 
Luchtbal Sands Member, Lillo Formation  
 
 
257 
 
 
 
Table: 44:  A summer stratification factor (SSF °C) of 3.5 °C as applied to the maximum 
summer palaeotemperature (using multiple δ18Ow values) from                 A. opercularis 
53364, from the equivalent of the Luchtbal Sands Member in the Oosterhout Formation.  
 
Note the high comparability between 53364 summer palaeotemperatures and the 
Luchtbal Sands Member A. opercularis results.  This shows that even in a different 
locality a cooler summer palaeotemperature is recorded suggesting a genuine cool-
climate episode.  However, these results may reflect an incorrectly estimated SSF.    
 
The Oorderen Sands Member has a proposed typical palaeobathymetry of 40m+ 
and reduced current and wave action, which would have permitted seasonal 
stratification.  Therefore, an additional summer stratification factor (SSF) is required 
to be added to the summer benthic palaeotemperatures to derive an estimate for 
surface temperatures. However, from analysis of the literature relating to the Basal 
layer of the Oorderen Sands Member, it is proposed that this horizon of the 
Oorderen Sands Member exhibited a comparable environment to the Luchtbal 
Sands Member in its degree of agitation (De Schepper et al., 2008; 2009). Therefore 
only the smaller SSF of 3.5 °C was added to the summer palaeotemperature results 
from D2-8 and the results are shown in table 45.   
 
 
 
 
 
 
 
 
 
 
Specimen  Max  
temp(°C)  
at δ18Ow  
-0.6 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
-0.3 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.0 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.4 ‰  
3.5 
(°C)  
SSF  
53364 13.7 17.2 15.0 18.5 16.2 19.7 18.0 21.5 
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Table 45: A summer stratification factor (SSF °C) of 3.5 °C as applied to the maximum 
summer palaeotemperature (using multiple δ18Ow values) from an A. opercularis from the 
Basal layer, Oorderen Sands Member, Lillo Formation, with the SSF of 3.5 °C 
 
The results show that all of summer temperatures are warmer than the maximum 
summer surface temperatures exhibited in the modern SNSB. Furthermore, only 
when using the extreme δ18Ow value of +0.5 ‰ are the palaeotemperatures cooler 
than the warm-temperature regime as defined by Krantz (1990).  Therefore, the 
newly calculated summer maxima show high comparability to the summer maxima 
indicated by other proxies in this member (Table. 45).  
 
The review of the palaeoenvironmental features of the Atrina bed, Oorderen Sands 
Member, Lillo Formation implied that with evidence of articulated A. fragilis 
specimens the depth was 40 m+ and agitation low. Therefore both the smaller SSF 
of 3.5 °C and the greater SSF of 7.0 °C have been applied, and the same SFF has 
been added to the Oosterhout Formation, Oorderen Sands Member time-equivalent 
member A. opercularis results, and the details are shown in Table. 46. 
 
 
 
 
 
 
 
 
 
Specimen  Max  
temp(°C)  
at δ18Ow  
-0.6 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
-0.3 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.0 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.4 ‰  
3.5 
(°C)  
SSF  
D2-8 16.0 19.5 17.3 20.8 18.6 22.1 20.4 23.9 
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Table: 46 SSF of 3.5 °C and 7.0 °C applied to summer palaeotemperatures of A. opercularis 
from the Atrina bed, Oorderen Sands Member, Lillo Formation and the Oosterhout 
Formation Oorderen Sands Member time-equivalent A. opercularis (53347). 
 
The application of a 3.5 °C SSF  to the isotopic palaeotemperatures from 29710-09 
and 29710-10 gives summer surface temperatures above maximum of the modern 
SNSB (excluding the temperatures calculated using the δ18Ow value of -0.6 ‰),  and 
all the temperatures reflect a summer warm-temperate regime as defined by Krantz, 
(1990). Therefore, the summer surface temperature signal is comparable to the 
PRISM palaeotemperature interpretations for the NAB region, during the MPWI.   
The same result of a summer warm-temperate regime is derived from 29710-09 and 
29710-10 for all   δ18Ow values and when applying the SSF of 7.0 °C.  
  
However, 53347, indicates cooler summer surface temperatures than the Luchtbal 
Sand Member A. opercularis  when applying the 3.5 ° C SSF and 7.0 ° C SSF.  The 
most probable causal factor for this discrepancy is that this organism was from a 
different Formation, the Oosterhout Formation- Oorderen Sands Member time-
equivalent, which exhibited different palaeoenvironmental signals (Table. 46).  
Specimen  Max  
temp(°C)  
at δ18Ow  
-0.6 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
-0.3 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.0 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.4 ‰  
3.5 
(°C)  
SSF  
29710-09 15.7 19.2 17.0 20.5 18.3 21.8 20.1 23.6 
29710-11 15.4 18.9 17.0 20.5 18.0 21.5 19.8 23.3 
53347 14.0 17.5 16.2 19.7 16.6 20.1 18.3 21.8 
Specimen  Max  
temp(°C)  
at δ18Ow  
-0.6 ‰  
7.0 (°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
-0.3 ‰  
7.0 (°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.0 ‰  
7.0 (°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.4 ‰  
7.0 
(°C)  
SSF 
29710-09 15.7 22.7 17.0 24.0 18.3 25.3 20.1 23.6 
29710-11 15.4 22.4 17.0 24.0 18.0 25.0 19.8 26.8 
53347 14.0 21 16.2 23.2 16.6 23.6 18.3 25.3 
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Table 47: SSF of 3.5 °C and 7.0 °C applied to summer palaeotemperatures of A. islandica 
from the Atrina bed, Oorderen Sands Member, Lillo Formation 
 
Summer surface temperatures based on A. islandica and P. rustica from the Atrina 
bed horizon of the Oorderen Sands Member have been calculated using SSFs of 3.5 
°C and 7.0 °C (have been applied and the results are represented in) Table 47 and 
Table. 48, respectively.  
  
 
Table 48: SSF of 3.5 °C and 7.0 °C applied to summer palaeotemperatures of P. rustica 
from the Atrina bed, Oorderen Sands Member, Lillo Formation, with the SSF of 3.5°C and 
7.0 °C 
 
 
The summer surface maxima from 18201-01 and 29710-04 are all warmer than the 
modern SNSB maximums. The newly calculated palaeotemperatures correspond to 
a warm-temperate regime as defined by Krantz (1990) of above 20 °C, with the 
exception of the temperature calculated applying the δ18Ow value of -0.6 ‰ 
Specimen  Max  
temp(°C)  
at δ18Ow  
-0.6 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
-0.3 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.0 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.4 ‰  
3.5 
(°C)  
SSF  
18201-01 15.8 19.3 17.1 20.6 18.4 21.9 20.2 23.7 
Specimen  Max  
temp(°C)  
at δ18Ow  
-0.6 ‰  
7.0 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
-0.3 ‰  
7.0 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.0 ‰  
7.0 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.4 ‰  
7.0 
(°C)  
SSF  
18201-01 15.8 22.8 17.1 24.1 18.4 25.4 20.2 27.2 
Specimen  Max  
temp(°C)  
at δ18Ow  
-0.6 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
-0.3 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.0 ‰  
3.5 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.4 ‰  
3.5 
(°C)  
SSF  
29710-04 16.1 19.6 17.2 20.7 18.7 22.2 20.4 23.9 
Specimen  Max  
temp(°C)  
at δ18Ow  
-0.6 ‰  
7.0 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
-0.3 ‰  
7.0 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.0 ‰  
7.0 
(°C)  
SSF  
Max  
temp(°C)  
at δ18Ow  
+0.4 ‰  
7.0 
(°C)  
SSF  
29710-04 16.1 23.1 17.2 24.2 18.7 25.7 20.4 27.4 
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combined with a SSF of 3.5 °C. Excluding this value, all surface temperatures are 
much warmer than modern A. islandica can tolerate and potentially warmer than the 
P. rustica temperature tolerance level, which may suggest additional evidence of 
these organisms feeding and growing below the thermocline.   
 
Initially the benthic palaeotemperatures obtained from bivalves implied neither 
warmer winters nor warmer summers than the modern SNSB.  However, with the 
assumption of a SSF, the new calculated summer surface from the Ramsholt 
Member, Coralline Crag Formation, and the Luchtbal Sands Member and the 
Oorderen Sands Member of the Lillo Formation, imply warming; hence, the newly 
calculated summer-surface temperature results support hypothesis seven (there 
will be a dominant summer warming signal in the Pliocene SNSB rather than 
summer and winter warming for the region as indicated by PRISM and other 
biological proxy palaeotemperature estimations). 
 
Consequently, this data supplies evidence of a greater seasonality in the Pliocene 
SNSB than is recorded in the modern SNSB.   
 
 
31.4: How can the mixed winter palaeotemperature signal be rectified? 
 
The contradictions evident in summer benthic and surface palaeotemperatures can 
be resolved by adding a stratification factor to benthic palaeotemperature estimates.  
Conversely, discrepancies between the warmer and cooler winter palaeotemperature 
estimates (from the varying proxies) cannot be explained by this phenomenon 
because stratification breaks down in the winter.    Therefore, how can cold-intolerant 
species such as Metrarabdotos bryozoans exist in the cool winter conditions implied 
by molluscan oxygen isotope thermometry data? 
 
Many modern marine bryozoan species become dormant when temperatures 
become drop in winter.  Dormancy can involve growth stoppages, or the organism 
may produce cysts, with growth only restarting once the temperatures become 
warmer. 
 
Modern-day dinoflagellates encyst as a response to conditions unsuitable for growth, 
such as cooler temperatures (Harland, 1988; Pospelova & Kim, 2010).  Therefore, 
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dinoflagellate cysts assemblages are not in actuality reflecting winter conditions. But 
rather summer, spring or autumn temperature states (Valentine et al., 2011). 
Notably, modern foraminifera species will also encyst when environmental conditions 
are too cold for growth (Alve & Goldstein, 2010).  This potential for dormancy must 
be taken into account when using foraminifera and dinoflagellate cyst assemblage 
data to determine winter temperatures.  Dormancy behaviours provide a mechanism 
for how warm-indicator species could survive the cold winter temperatures of 3.6 °C 
(as recorded by oxygen isotope thermometry of Pliocene A. islandica). 
 
Modern cheilostome bryozoans exhibit seasonal temperature-controlled growth halts 
(Urbanek, 2004) or zooid degeneration as a response to conditions of reduced food 
supply, anoxia, variations in Ph or salinity, and, importantly low temperatures 
(Manriquez & Cancino, 1996; Gordon, 1977).  Modern bryozoans can display 
multiple dormancy and renewal cycles (Abbott, 1973; Ryland, 1979 & Urbanek, 
2004). Therefore, by becoming dormant ‘warm-water’ benthic bryozoans would be 
able to exist in environments where winter temperatures are low. Additionally, any 
behaviour adaptation of dormancy must be considered when applying bryozoan 
MART to assess seasonality of the Pliocene SNSB, as this technique relies on the 
assumption of an inverse relationship between zooid size and temperature; whereby, 
smaller zooids represent warmer temperatures, and larger zooid sizes indicate 
cooler temperatures.  For that reason, any feature of zooid degeneration, therefore, 
any reduction of zooid size occurring because of intolerant growing conditions could 
potentially be misinterpreted as evidence of warmer conditions.   
 
However, Metrarabdotos bryozoans mostly exhibit a stenothermal temperature 
tolerance, and only exist in a narrow range of ocean temperatures, from the 
Mediterranean to sub-tropical (Cheetham, Rucker & Carver, 1969). The occurrence 
of these organisms in the bryozoan assemblages suggests warmer temperatures 
than those indicated by oxygen isotopes. Nevertheless, the modern-day bryozoan 
Metrarabdotos unguiculatum exhibits a reduced thermophile response to 
temperature, and this species is able to survive in a wider temperature range 
(Davies, 1965; Cheetham, Rucker & Carver, 1969). Therefore, if the Pliocene 
Metrarabdotos bryozoans exhibited a similar expanded temperature tolerance and a 
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dormancy response they could have survived during the cooler winters as shown by 
the palaeotemperatures recorded by the bivalve isotope thermometry.   
 
Certain longer-living modern-day species of ostracods, such as Cyprideis lorosa and 
Elofsonia baltica exhibit a dormancy response.  Additionally, ostracod eggs can 
remain dormant until conditions are conducive for larval growth. Holmes et al. (2007) 
showed that in laboratory conditions, the eggs of a Cyprideis torosa ostracod were 
still capable of developing to a larval stage even after sustained and repeated 
freezing and drying of the ostracod eggs.  Indirectly, this evidence suggests that 
some species of ostracods may survive even extreme temperature conditions by 
exhibiting a dormancy response.  Moreover, some modern ostracods exhibit a short 
life-span of only 30-40 days: examples include Heterocypris salina, Cypria 
ophtalimica, and Limnocythere inopinata (Holmes et al., 2007).  It is clear that if the 
Pliocene ostracods exhibited a similar life-span, hatching, growth and reproduction 
would only occur in the most conducive (relatively warm) temperatures. 
Consequently, they could provide an incomplete representation of annual Pliocene 
SNSB palaeotemperature extremes.   
 
In summary: If summer stratification occurred in the Pliocene SNSB, seafloor 
temperatures would be cooler than at the surface.  A stratification factor applied to 
benthic summer palaeotemperatures enables reconstruction of Pliocene summer 
SSTs. However, winter palaeotemperatures would be unaffected by stratification.  In 
order to explain how warm and cold indicator species coexisted together the idea 
winter dormancy enables reconciliation of assemblage evidence with isotopically 
derived (low) winter temperatures. A model of Pliocene SNSB seasonal temperature 
is proposed for regions of the Pliocene SNSB that exhibited summer stratification 
and it is shown in Fig. 86.   
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Fig. 86: a model representing how warm-tolerant and cold-tolerant organisms could have 
coexisted in the Pliocene SNSB due to summer stratification of the water column.  
 
Therefore, to summarise the discussion to this point it may be that the contradictions 
observed in the palaeotemperature record of the Pliocene SNSB may not be 
contradictions per se, but in fact, they may represent seasonal temperature extremes 
as recorded by different proxies.  Warmer summer SSTs occurred in the Pliocene 
SNSB than in the modern-day SNSB and the Pliocene SNSB exhibited cooler or 
comparable winter temperatures to the present day SNSB.  This shows that the 
Pliocene SNSB experienced a greater seasonal temperature range than the modern 
SNSB. 
 
However, in interpreting the isotopic results it is important to recognise that each 
bivalve provides a snapshot of high-resolution data, and in the case of A. opercularis 
the shell material records the conditions of its palaeoenvironment for only a relatively 
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short time-span.  Furthermore, the data provided by each organism is individualistic 
and site specific, therefore the results are dependent on factors relating to the 
organism’s own biological lifecycle, which in fossil specimens still remains somewhat 
undeterminable.  Therefore, how much time a single MIW or isotope sample 
represents in an individual specimen or species is still ambiguous, and this 
uncertainty may limit the degree of interpretation from the MIWs. Additionally, since 
multiple environmental conditions may affect feeding behaviours, and in turn, the 
MIWs and the δ13C signal, therefore the interpretation of individual environmental 
parameters is problematic.  
 
Furthermore, it is easy to interpret the signals from the bivalves in isolation from their 
local environment.  Certain features (shown below) produce a site-specific signature 
and include the influence: 
 
 freshwater input 
 storm activity 
 river run-off 
 food supplies (type and availability) 
 numbers of predators 
 level of competition between the bivalves for food 
 other species (e.g. copepods) competing  for the same food supply 
 
A site-specific signal will naturally be recorded in the δ18Ow, δ
13C, 
palaeotemperatures and MIW profiles from the shell material of the organisms from 
each individual locality, and therefore the site signal may override any global signals. 
The sclerochronological approach may in fact produce a record of second-rather 
than first-order palaeoclimate trends.  Nonetheless, this limitation may in fact be its 
strength, because it will produce highly reliable seasonal representations of the 
ocean/sea properties (specifically seasonal palaeotemperatures) for a region, and for 
individual sites, which supports the new focus of palaeoclimate scientists on 
obtaining robust quantitative seasonal ocean palaeotemperatures for testing 
reconstructions of the Pliocene climate.  Moreover, if the technique is applied to 
suitable fossil bivalves across a much wider latitudinal spread, and throughout the 
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NAB, the seasonal signal may assist in constraining boundary conditions for SSTs in 
this problematic region, and when combined with global signals from other proxies it 
could enable a more accurate assessment of the drivers of Pliocene climate.   
 
31.5:  Additional localised factors influencing the winter temperatures in the Pliocene 
SNSB   
 
Nevertheless, much shorter-term inter-annual variability of winter temperatures is 
also recorded in the modern NSB.  This same variability may be represented as a 
mixed winter palaeotemperature signal in a single horizon/member of a Pliocene 
formation.  This raises again the possibility that the isotopic palaeotemperatures from 
the NSB are more a reflection of local and regional factors rather than global 
conditions. 
 
In relation to shorter-term temperature changes during the winter, increased storm 
activity may transfer larger volumes of cooler northern North Sea water into the 
SNSB.  This effect could alter the sea-temperatures in the winter, and has been used 
to explain the occurrence of cool-water indicator species in the Luchtbal Sands 
Member of the Lillo Formation (Marquet, 1993). 
 
 
31.6: Changes in ocean heat supply influencing the winter temperatures in the 
Pliocene SNSB   
 
Conversely, there is strong evidence that longer-term global climate variations and 
variability in ocean heat transport (OHT) to the northern hemisphere influences 
temperature in the modern-day NSB, and the same effect may be reflected in the 
Pliocene SNSB and recorded as a mixed palaeotemperature signal.   
 
Interestingly, the dates at which the Isthmus of Panama is proposed to have been 
breached c. 3. 4 Ma - 3.3 Ma (Schmidt et al., 2007) and these dates all fall within the 
probable timespan of the Luchtbal Sands Member (c. 3.71 Ma - 3. 21 Ma).  
Interestingly, out of all the members investigated in this project, it is this one which 
records evidence of distinct cooler-temperature intervals in the dinoflagellate cysts 
and pollen assemblages (De Schepper et al., 2008; 2009).  However, it is important 
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to state that the cooler signal recorded in the Luchtbal Sands Member may be 
representative of the M2 MIS stage, which occurred c. 3.2 Ma.  
 
The notion of variable GS/NAD heat supply could be investigated by examining 
patterns of seasonality through contemporaneous sequences deposited inside (e.g. 
eastern US seaboard) and outside (e.g. northern Iceland) the present area of 
influence of this current system (See Chapter 32 further work).  
 
31.7: Testing for a continental wind effect in the Pliocene SNSB.  
 
The geographical position of the SNSB implies that the cooler winter 
palaeotemperatures could be produced by the influence of continental winds rather 
than being representative of a global climate signal. 
 
Therefore,  hypothesis eight tested whether the bivalves recorded cooler winter 
benthic palaeotemperatures in the more easterly SNSB formations (Lillo Formation 
and Oosterhout Formation), than the winter palaeotemperatures recorded in the  
Coralline Crag Formation implying the influence of a continental wind effect.  
 
Generally, the winter palaeotemperatures in the Lillo Formation (Luchtbal Sands 
Member and the Oorderen Sands Member-excluding those winter minima calculated 
using the δ18Ow values of +0.4 ‰ and +0.5 ‰)  were cooler than the winter minima 
recorded in the modern NSB. Furthermore, the palaeotemperature results implied 
marginally cooler winter palaeotemperatures in these formations, when compared to 
the winter palaeotemperatures recorded by bivalves from the Ramsholt Member, 
Coralline Crag formation.  Therefore, the results supported hypothesis eight.   
 
However, since the modern NSB winter temperatures are presently influenced by 
continental winds, and it is difficult to imagine a scenario (in the context of a warmer 
Pliocene world), whereby the continental winds would have had such a strong impact 
on winter palaeotemperatures that these were cooler than those recorded in the 
modern NSB. This implies that an additional feature of the palaeoenvironment is 
influencing Pliocene SNSB winter palaeotemperatures.   
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A suggestion can be made that if the GS/NAD was less intense in the Pliocene the 
effect of this, and a predominant wind direction from continental Europe might have 
been sufficient to reduce winter temperatures to values in the ‘warmer’ Pliocene 
world to below or comparable to winter temperatures recorded in the modern SNSB 
in the Pliocene.   
 
31.8: Conclusions  
 
This project supported the idea that the seasonal palaeotemperature from oxygen 
isotope thermometry of benthic bivalves provided a robust dataset for comparisons 
with other proxies in the Pliocene SNSB. Moreover, the results from the Oorderen 
Sands Member could be directly compared with the PRISM retrodictions of climate 
for the MPWI.  However, the oxygen isotope thermometry results raised questions 
regarding the causal factors for the cooler – than- expected winter and summer 
palaeotemperatures recorded by this proxy.   
 
Discrepancies between the cool summer benthic palaeotemperatures from the 
bivalves and warmer sub-tropical or warm-temperate summer palaeotemperature 
estimations from planktonic biological proxies was rectified by the application of a 
theoretical summer stratification factor (SSF) which was attuned to the differences in 
the depositional environments of the individual horizons, members and formations.  
The application of a suitable SSF to the summer isotopic palaeotemperatures 
produced comparability with the warm estimates from planktonic proxies.   
 
However, rectifying the discrepancies between cooler (cold-temperate) benthic 
winter isotopic palaeotemperatures and the warmer winter palaeotemperatures from 
other proxies was more problematic, since stratification would not be an influence 
during the winter.  Therefore, dormancy behaviours of the sub-tropical and warm-
temperate organisms were proposed as a suitable mechanism by which the cool-
intolerant organisms could have existed in a palaeoenvironment that exhibited cold-
temperate winter conditions (Fig. 86).  
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However, a question remained of what caused the colder winter signal in the 
Pliocene SNSB?  Localised explanations including continental wind effects, 
interannual variations in MOC strength, and increased storm activity in the winter 
driving cooler water into the SNSB were all proposed as potential drivers. 
 
Global features of climate including interglacial/glacial cycles and orbital forcing 
effects were additional factors proposed for the overall mixed palaeotemperature 
signal in the SNSB, with different fauna recording the dominant climate signal (warm-
temperate to subtropical or  cold-temperate) in a poorly resolved stratigraphical 
context.  
 
It is not yet clear which of the possible explanations for the cool winter temperatures 
is applicable in the Pliocene SNSB. However, robust seasonal palaeotemperature 
data obtained from oxygen isotope thermometry of suitable bivalves from the eastern 
seaboard of the USA may assist in answering this question. This because the SNSB 
is indirectly affected by GS/NAD, therefore data on seasonal oceanic heat supply in 
a region directly influenced by the GS/NAD in the Pliocene may be able to detect any 
changes in the GS/NAD strength over time and therefore assist in understanding the 
driver of Pliocene climate in the problematic NAB region.  
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Chapter 32: Further work: investigating Pliocene seasonal palaeotemperatures 
of the wider NAB   
 
32.1: Investigating changes in the Gulf Stream/North Atlantic Drift (GS/NAD) strength 
Since, this investigation has shown how robust winter palaeotemperatures are 
obtainable from bivalves. This enables an interesting aspect for further work when 
investigating how ocean heat transport (specifically in terms of the GS/NAD) may 
have varied in the Pliocene NAB. This investigation concentrated on the SNSB, 
which arguably may not reflect a direct influence of the GS/NAD. Therefore, an 
investigation of palaeotemperatures from regions of the NAB that are directly and not 
directly influenced by the GS/NAD would provide complementary datasets for the 
Pliocene SNSB isotope benthic palaeotemperatures (see Fig. 87)  
 
Removed for copyright reasons: Fig. 87: a diagram of the latitudinal effects of the Gulf 
Stream/North Atlantic Drift (GS/NAD)-(a) is an area of the north Atlantic Basin which is not 
effected by the GS/NAD e.g. Iceland (b) areas influenced by the GS/AD e.g. western 
seaboard of Europe and eastern sea-board of America e.g. Cape Hatteras (Googlemaps, 
2010). 
 
High-resolution winter palaeotemperature data from bivalves from different regions of 
the NAB could be applied to recognise how ocean heat transport varied in the North 
Atlantic Basin during the Pliocene. The following experiment (Johnson, 2009-
personal communication) was devised to recognise how benthic winter 
palaeotemperatures in the NAB acted as a response to a warmer climate with 
increased greenhouse gases and an active GS/NAD (scenario 1), and in a warmer 
climate as driven by CO2 changes with an inactive or decreased GS/NAD (scenario 
2). In relation to this proposed experiment, it is important to note that regions that are 
currently influenced by the GS/NAD current exhibit warmer winter temperatures than 
those regions at the same latitude which are less influenced by the current (Broecker 
1997).  However, the exact mechanism for the winter warming temperature signal is 
still disputed (Seager et al., 2002).  
In the examples stated below a region of the NAB which is not influenced by the 
GS/NAD is marked (a) on Fig. 88, and it is proposed for the purposes of this 
experiment that they exhibit a hypothetical baseline winter temperature (BWT) of 0 
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°C. The areas marked (b) on Fig. 88 are those which are influenced by the GS/NAD 
and they are proposed to exhibit a hypothetical BWT of 5 °C. The degree of 
temperature change from global mean temperature attributed to the influence of 
carbon dioxide has been set at a hypothetical temperature of 3 °C, and this would be 
observable in all regions.  
Scenario 1: In the case of a warmer world (driven by increased CO2), and there is 
an active/enhanced GS/NAD:  
(a) The temperature of regions not affected by the Gulf Stream (marked (a) in Fig. 
89) would be represented by the following equation. 11 
(Equation. 11) 
Winter T °C: BWT+ CO2 ∴ 0 °C + 3 °C = 3 °C 
 
Where T °C is ocean temperature  
BWT is baseline winter temperature °C 
CO2 is degree of global mean temperature (GMT) change from modern day GMT 
 
The regions marked (b) which are influenced by the GS/NAD would exhibit the 
following changes to their winter temperatures as expressed by equation 12. 
(Equation. 12) 
Winter T °C: BWT + CO2 ∴ 5 °C + 3 °C = 8 °C 
 
Where T °C is ocean temperature  
BWT is baseline winter temperature °C 
CO2 is degree of global mean temperature (GMT) change from modern day GMT 
 
Scenario 2: In the case of a warmer world and an inactive/decreased GS/NAD:  
(a) The temperature of regions not affected by the Gulf Stream (marked (a) in Fig. 
89) would be represented by the following equation. 13 
 
Equation. 13 
Winter T °C: BWT+ CO2 ∴ 0 °C + 3 °C = 3 °C 
 
Where T °C is ocean temperature  
BWT is baseline winter temperature °C 
CO2 is degree of global mean temperature (GMT) change from modern day GMT 
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The regions marked (b) that are influenced by the GS/NAD would exhibit the 
following changes to their temperatures if there was an inactive GS/NAD,  and the 
theoretical winter palaeotemperatures changes are expressed by equation 14 
(Equation. 14) 
Winter T °C: BWT+ CO2 ∴ 0 °C + 3 °C = 3 °C 
 
Where T °C is ocean temperature  
BWT is baseline winter temperature °C 
CO2 is degree of global mean temperature (GMT) change from modern day GMT 
 
 
Consequently, any changes in ocean heat supply could be investigated using 
oxygen isotopic palaeotemperatures of bivalves that exhibit all-year growth, 
whereby, decreases in ocean heat transport could be recognised by cooler than 
expected winter palaeotemperatures (from the most likely winter palaeotemperatures 
within the context of a warmer world) recorded in regions of the ocean that exhibit a 
direct influence of the GS/NAD. To recognise any changes, these winter 
temperatures could also be compared with (if any) degree of change from the 
expected winter benthic temperature from bivalves situated in regions that are not 
influenced by the GS/NAD, for example in northern Iceland.   
 
However, the GS/NAD is a relatively narrow band of water in respect to the expanse 
of the Atlantic Ocean (as illustrated in Fig. 87). Therefore, an organism may secrete 
its shell in an ocean locality with very little or no GS/NAD influence (Fig. 88).  This 
may lead to an erroneous reconstruction of cooler than expected winter 
temperatures, and the incorrect assumption of decreased ocean heat being available 
in the NAB, and linked to a reduction in the strength of the GS/NAD.  
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Fig: 88: A simplistic representation of how a bivalve may secrete its shell material outside of 
the influence of the GS/NAD.  
 
Additionally, the techniques used in this investigation could be applied to provide a 
detailed dataset of oxygen isotopes, carbon isotopes, and MIWs of bivalves, and 
palaeotemperatures from marine formations in the NAB, to include data from the 
Miocene through to the Pleistocene. An appropriate species to study is Placopecten 
magellanicus as it exhibits all-year growth (Krantz, Jones & Williams, 1984). See Fig. 
89 for the oxygen and carbon isotopes and MIWs results from a pilot study of this 
organism from the Lower Pliocene, Virginia, James City, Yorktown Formation- 
Sunken Meadow: - east coast USA.  The Yorktown Formation suitable study site as 
it is located in Virginia and North Carolina alongside the eastern seaboard of North 
America.    
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Fig: 89:  pilot study of oxygen isotopes and carbon isotope and microgrowth increment 
widths (MIW) and palaeotemperatures (using +0.5 ‰ δ18Ow in the O’Neil, Clayton & Mayeda, 
(1969) calcite equation) from a Placopecten magellanicus (SMP1) from the Lower Pliocene, 
Virginia, James City, Yorktown Formation- Sunken Meadow: - east coast USA- format as per 
Fig. 40.  
 
Whilst this data is only from a single specimen, Interestingly, it shows further 
evidence of relatively cool Pliocene benthic summer and winter palaeotemperatures 
(17.5 °C and 7.1 °C, respectively) in the eastern seaboard of NAB,  and it supports 
the oxygen isotope palaeotemperatures reconstructions recorded by other multiple 
Pliocene SNSB bivalves (Johnson et al., 2009; Valentine et al., 2011;  and this 
investigation) of a predominant cold-temperate (as defined by Krantz, 1991),  winter 
palaeotemperature signal.   
 
A robust temperature dataset over extensive geological time would show how 
benthic winter palaeotemperatures and seasonality has altered over time in the 
North Atlantic.   From this,  it may be possible to identify if any palaeotemperature 
changes are able to be attributed to changes in the strength of GS/NAD in the NAB. 
This objective could be achieved because any robust measurement which 
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recognised any changes in the winter/seasonal palaeotemperature signal of the NAB 
would provide a supplementary dataset for investigating (i) the intervals of when the 
GS/NAD influence was proposed to be stronger and weaker, as described by De 
Schepper et al. 2009 in their dinoflagellate cyst investigation of the NAC, and (ii) help 
investigate and recognise any potential breaches of the Isthmus of Panama from the 
data as proposed by Schmidt et al. (2007).   
Furthermore, a localised robust reconstruction of the thermal properties of the ocean 
could be used to enhance retrodictions of Pliocene climate in the problematic NAB 
area.  
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